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ABSTRACT

The effects of control systemn dynamics on the longitudinal flying
qualities of fighter airplanes were investigated in flight, using the USAF/
CAL variahle stability T-33 airplane. Two pilots evaluated a total of 57
different combinations of control-system and short-reriod ay.amics at two
flight conditions, while performing tasks repreccuiative of the "con'bat"
phase of a fighter's mission. The pilot rating aud comment data fron: this
investigation indicate that the dynamic modes cf the flight control syste:n can
cause serious {lying qualities problems, even if the short-period mode is
well behaved. The data do not correlate with the control system require-
ments of MIL-F-8785B. In addition, the data demonstrate that the C*
criterion does not adequately account for the sffects of control system dy-
namics. Pilot-in-the-loop analysis of the data is shown to describe effec-
tively the pilot's difficulties in control of pitch attitude, providing insight
into how the pilot flies the airplane. A design criterion, based on this
analysis, is shown te be applicable to a wide range of short-period and con-
trol-system dynamics. A simplified version is alsc presented to provide
the designer with preliminary estimates of flying qualities. Volume} con--
- tains the body of the report, while Volume Il consists of the Appendices.

iii




ava

Section

j$44

v

vl

TABLE OF CONTENTS

INTRODUCTION. . . . . « ¢« +« « + « « o
BACKGROUNR . . . . . . . . + . .+ .

2.1
2.2
2.3

_ Study of Current FCS Designs , . , . . .

Discussion of the HOS Experiment, . . .
Purpose of the Present Experiment ., . . .

DESIGN OF THE EXPERIMENT . . . . . .

3.1
3.2
3.3
3.4
3.5
3.6

Basic Dynamic Configurations , , . . . .
Six Additional Configurations . e e
Fcel System Characteristics . ., . . . .
Elevator Gearing . .. . . . . . . . .
Phugoid Characteristics . ., . . . . . .
Lateral-Directional Characteristics ,

CCNDUCT OF THE EXPERIMENT . . , . . .

4.1
4.2
4.3
4.4
4.5

Conduct of Each Flight . . . . . . . .
Evaluation Procedure , . . . , . . . .
Details of IFR Tracking Tasks . . . . .

Random Noise Disturbances. . . , . . .
Evaluation Limitations, . . . . . . . .

EXPERIMENTAL RESULTS . . « . . « + + =

5.1
'5.?.
5.3

5.4

p“Ot COmmel‘l‘Q . £ . - . L] . . . .
Correlation of Pilot Ratings with MIL-F- 87355

Correlation of Pilot Ratings with
the C# Criterion., ., . . . . « + « + &

Correlation of Pilpt Raunge with Equivalent
Dyl'\lmh.’.l L e e . ¢ e« .

PXLOT-(N-THE-LOO?&NALYSIS. e e e e s

6.1
6.2
6.3
6.4

6.5

6.6
6!7
608

6.9

The Mathematical Model . . . . . . .
The Pilot's View of Good Tracking Performance
Tracking Performance Standards . , . ..
Use of the Nichols Chaet . . , . . . .
Form of the Required Compensation , . ., .
The "Optimum" Pilot Compensation ., . ., .
Example of a Configuration Having Low w,e .
Example of a Configuration Having High wep .
Factors Influencing Pilot Opinion . ., . ., .

v

32

M
3?7
38
39
43
45
45
49
S5
58
64




TABLE OF CONTENTS (cont.)

Section Page
vl APPLICATION OF THE ANALYSIS TO THE
EXPERIMENTAL RESULTS . . . . ¢« « ¢« « « & 71
7.1 Effectof Bandwidth, . . . . . +« .« « + =« 71

7.2 Correlation With Pilot Comments . . . . . . 74
7.3 Summary of Correlation With Pilot Comments. . 90
7.4 Effects of Pilot Gain and Control Sensitivity . . 93
7.5 Correlation With Pilot Ratings . . . . . . . 97
7.6 Application to Data from Special T-33 Flights . . 104
7.7 Applicationtothe HOSData . . . « . .« + & 105

Vit PROPOSED DESIGNCRITERIA., . . . . . . . « 11
8.1 Criterion for Fighter Maneuvering Dynamics ., . 111
8.2 SimplifiedCriterion . . . .+ « + ¢« + .+ - 114
8.3 Additional Considerations, . . . . . . . . l2l
8.4 Flight Teat Mensurements , . . « .+ . =« 122
X CONCLUSIONS . + & & ¢ o o o s « o s o 123

REFERENCES . .+ ¢ « « + « « s ¢ « & « +» 130

Appendix
1 PILOT COMMENTS, BODE PLOTS, TIME

HISTORIES FOR EACH CONFIGURATION Volume I
u ANALYSIS OF DATA LUSING EGUIVALENT

DYNAMICS Volume I
b1 COMPLETE C* TIME HISTORIES Volume 11
v LONGITUDINAL TRANSFER FUNCTIONS Volume 11
v DETALILS OF SIMULATION MECHANIZATION

AND DATA REDUCTION TECHNIQUES Yolume 1




10
11
12
13
14
i5

16
17

18

19

20

21

22

23

LIST OF ILLUSTRATIONS

s-Plane Plot of a Typical FCS/Airframe Configuration

from HOS Program e v s s e 4 e e

.

Pitch-Rate Response to 2 Step Stick-Force Input for

HOS Configurationof Figure 1 , ., , . . . .
Block Diagram for Basic Configurations Simulated

Comparison of Basic Short-Period Configurations with

MIL-F-8785B Requirements ., , . . . . .

Basic FCS/Short-Period Configurations Simulated
in Present Experimeat . . , , . ., . . .

Typical s-Plane Plots and Time Histories for
Preaent Experiment . . ., . . . . . . .

Comparison of Six Additiona! Short-Period
Configurations with MIL-F-8785B Requirement. .

USAF/CAL Variable Stability I-33 Airplane . .

.

*

.

-

.

Evaluation Pilot's Cockpit in Variable Stability T-33,

Pilot Rating Scale ., . . . . . . . . .+ .
PIO Tendency Rating Scale . . . . . . . .
Discrete-Ervor Pitch-Attitude Command Sigaal ,
Randem«Error Pitch-Attitude Command Signal .
Corrvelation of Pilot N2tinge with MIL-F.8785B .

Variation of PR with Contre. system Phase Angle
‘t @ L] w” - . . . . . . . . . (] -

Matheuatical Model of Pitch Attitude Tracking .

Tracking Performance Parameters of
References 17and18 . , ., , ., . ., . . .

Tracking Performance Parameters Used
inthoe Analysin . . . . . . . . . . . .

Tracking Performance Standards Used
inthe Analymsie . . . . . . . « v + 4

Nichols Chart Showing Performance Staadards Used
inthe Analysin . ., . . . . . . . .

Typical Overlaye of |0/eg|* Versus ¥ (@ee)*
onaNicholsChart . . . . ., . . ., . . .

Amplitude and Phase Countributed by
Pilot Compensation, . . . . . . ., ., ., .

Amplitude Slope and Phase Contributed by
Pilot Compensation, . . . . . . . . . .

*

vii

L Y

Page

5

i0

11
15
16
21
22
23
24

31
8
40
+
44
46
48
51

52




Figure

24
5

26
a7

28

29
3o
31
32

33

L
3%

36
37

38
39
40
4

42

LIST OF ILLUSTRATIONS (cont,)

"Optimum" Lag Compensation . , . . . « + .+ .

Amplituce-Phase Curves for "Optimum" Pilot
Compenaation » . . . . . - . . . . - . .

Open-Loop Bode Characteristics {u: a Configuration
Having Low @&, . . + « ¢ o ¢ « ¢ o « &

" .
Overlay of |‘3/0¢| Versus ¥(9/g¢)" on a Nichols Chart
(Conﬁg\ll‘aﬁon Wiﬁ\ Low &)5; ) b . . . . . * L) .

Effects of Pilot Lead Compensation on the
Uncompensated Amplitude-Fhase Curve
{Configuration with Low 2, ) . . « . « . .

Lead-Compensated Amplitude-Phase Curve QOverlayed
on 2 Nichols Chart (Configuration with Low &b )} . .

Open-Lloop and Closed-Loop Bode Plots {or

Configuration with Low & .+ ¢« + + « -
Open-Loop Bode Characteriatics for a Configuration
Having High a%Wp . . « ¢« + ¢ &+ « « &+ v &

Qverlay of |0/9¢|‘ Versus %'(9/&‘)‘0:11 Nichols Chart
(Configuration with High a4 ) + « .« + « « «

Effects. of Pilot Lag Compensation on the
Uncompensated Amplitude-Phase Curve
{Configuration with High % ; . . . . « « .« .

Lag-Compensated Amnplitude-Phase Curve Overlayed
on a Nichole Chart (Configuration with High &, ) «

Open-locp and Closed-Loup Bode Plots for
Configuration with High @, . . . . . « « .+ =

Typical IFR Tracking Records for Configuration 6E,

Damping Ratio of Simple Second-Order System as
Funetionofl‘/a‘lm e e e e A e e e e

In-Flight Record of a P1O Occurriag During Discrete-
Errce Tracking Task (Conafly vation 1G, Flight 1061), .

Effects of Removing Pilot Lag Compensation for
Configuration 3A (at Constant KP) B T T

In-Flight Record of a PIO Occurring During Discrete-

* Errvor Tracking Task (Configuration 4D, Flight 1057),

in-Flight Record of a P1O Occurring During Visual
Tracking (Cenfiguration 6E, Flighe 1071) . . . . .

Comperasated Amplitude-Phase Plot for Tonfiguration 14,
Showing the Cause of the High Frequeacy Resonance,

viil

56

57

59

60

- 61

62

63

65

66

67
73

75

"8

81

83

85

N




Figure
41

44
45
46
L ¥4
48
49

50
51

S2
53

54

Tables

1§

LIST OF ILLUSTRATIONS (cont.)

Summary of Pilot Comment Data as a Function of
Closed-Loop Parameters, ., . . . .+ « « .+ .+ .

Correlation of Pilot M Rating Data with Closed-Loop
Parameters (Configurations 1At 8E) , . . . .

Correlation of Pilot W Rating Data with Clcsed-Loop
Parameters (Configuration lAt0o 8E}), . . . . . .

Configuration Numbers {fo: Closed-Loop Data Points.
(Configurations lAto 8E). . . . . .« « . . .

Correlaticn of Pilot Rating Data for Six Additional
Configurations (9 to 14) with Closed-Loop Parameters ,

Correlation of Pilot Rating Data for Special T-13
Flights with Closed-lLoop Parameters . . . . . ,

Correlation of Pilit Rating Data From HOS Program
(Reference §) wiua Closed-loop Parameters ., .

Proposed Criterion for Fighter Manouvering Dynamics,

Nichols Chart Showing Typical Amplitude-Phase
Overlays . . . + ¢ v ¢ « v« 4w s s a

Amplitude-Phase Curves for "Optimum® Pilot
Compen.‘t‘oﬂ . . . ' . . . . . . . . . .

Correlation of Pilot M Rating Data with Simplified
Analycis Parameters (Configurations 1A to BE) . .

Correlation of Pilot W Rating Data with Simplified
Analyeis Parameters {Configurations (A 20 8E) . . .

-

LIST OF TABLES

Summary of Experimental Results {Pilot M) . . . .

1 (cont. ) Summary of Experimental Results (Piiet W) . , .

i
i

v

Summary of Pilot-In-The-Loop Parameters , , . ,

Summary of Average Control Sensitivities and

PilotGains ., 7 . . o o o s o .
Summary of Parameters for Simplified
Cﬂurim * L ] - » : * » . - - . L] * . L]

Page

94
98
99
101
103
106

110
113

&15
116
119

120

125
126

127

i29




LIST OF SYMBOLS

Equivalent time delay (sec)

Bandwidth; the frequency at which the phase angle
of the &4, transfer function = -90 deg (rad/sec)

The value of the closed-loop bandwidth which the pilot is
trying to achieve in precision tracking tasks (rad/sec)

Wing mean aerodynamic chord '('ft)
= -—é-—- » Airplane lift coefficient

2o (1Yraq)
-;’%- (1/rad)

"

“

= "3—‘” 7 » Airplane pitching moment coefficient
= Zn (rag) ’

3 . “
--’-(-&f)— (1/rad)

(1/rad)
azgé.)
= 9m (1/rad)

Particular blend of the airplane's . n , é and § responses
(g's) (Reference 15)

Decibel units for Bode amplitude, where amplitude in dB =
20 log,, [amplitude]

Rate of change of Bode amplitude with phase for the airplane
plus pilot time delay at w = (BW)in (dB/deg)

Aileron stick force, pogsitive to the right (1b)
Rudder pedal force, positive for right rudder (1b)
Elevator etick force, ponmve for a puil (1b)

Steady-state stick force per unit normal acceleration change,
at constant speed (1b/g)

Transfer Mction of the pilot model

e




Acceleration of gravity (ft/sec?)

9
hd Density altitude (fi)
ko Pressure altitude (ft)
1, Moment of inertia about airplane y axis (slug-ft3)
l'“ Pilot gain at @ = (BW) . (1b/deg)
K, Total closed-loop gain, K, = K, K, (1/8sec)
l‘ ' Steady-state pilot gain (lb/deg)
k, Gain of airplane's /£  transfer function (ﬂ;ﬁiﬂ)
L, Gain of airplane's /4  transfer function (ﬂ;.ée."_)
£, Distance of the pilot's station ahead of the center of gravity (ft)
L Airpiane lift, positive for positive angles of attack (lb)
L = 35Ge  (1/seq)
NVy
L = g5t (1/sec)
& _mV,-_l"
m Mass of airplane (slugs)
M Airplane pitching moment, positive nose up (it-1lb)
gS5clm
M, = *—;—’- (1/nech)
$(57)Ca
My = PN ke
)
My = ;“_(’?_c_’)_ "(1/sec)

Moo= XShmy  (1jsect
n Normal acceleration at c. g., positive for a pull up (g's)-
{n =1 for level flight)

Steady-state normal acceleration change per unit angle-of-
attack change, when the airplane s maneuvered at constant
speed (g's/radian) A/a o Yr /!
peed (g / T
ﬂ -




=Y & wo

4 UL v

]

R A A

[

27
&g
“2p v . Dynamic pressure (lb/ft?)

» Period of equivalent short-period mode (sec)

Airplane pitch rate about y body axis, For wings-level
flight ¢ = 6

Laplace operator (1/sec)

Wing area (ftd)

Time (sec)

Phugoid pericd {sec)

Trimmed ino.:!ic'ated airspeed, (knots)
Trimmed true airspeed (ft/sec)

Airplane angle of attack, positive for relative wind
from below (rad)

Airplane angle of sideslip, positive for relative wind
from right (rad)

Aileron stick deflection at grip, positive to the right (inches)
Airplana elevator deflection, positive trailing edge down (rad)

Rudder pedal deflection, right rudder is positive {inches)

" Blewator stick deflection at grip, positive ait (incheas)
L2

Steady-state gea ring between elevator deflection and
elevator stick force (rad/lb) -

Steady-state gearing between elevator deflection and
elevator stick displacement {rad/in.)

Dutch.roll damping ratio

Equivalent short-period damping ratio
Phugoid damping ratio

Short-period damping ratio

Damping ratio of second-order control system lag

xii




¢t e o ey

o

P 3

v"‘! ©

lcb &10

Lasten
&
\/*

flo

i

A A N A T T = =P

lélﬂld

Damping ratio of second-order numerator term in bank-

angle-to-aileron transfer function

Airplane's pitch attitude with respect to horizon, positive

nose up (deg or rad)
Commanded change in airplane pitch attitude (deg or rad)

(§ - 6 ), Error between the commanded pitch attitude
and the airplane pitch attitude (deg or rad) '

Constant-speed traasfer functionof @ to £ for airplane

plus control system

Open-loop transfer function of airplane plus control system

pius pilot
% transfer function with uncompensated pilot (£/4 = £, g %33 )

Closed-loop transfer function of airplane plus control system
plus pilot

Magnitude of resonant peak inthe 6/4 Bode amplitude
plot (dB)

Maximum Bode amplitude of 5/@ (_V_‘%/_’ﬁ:)

Air density (slug/£t3)

Realpartof 8 = o + jw

Time constant of control syitem lead element (sec)
Time constant of control system lag element (sec)
Equivalent lead time constant of airplane (sec)
Time constant of pilot's lead element (sec)

Time constant of pilot's lag element (sec)

Roll mode time constant (sec)

Spiral mode time constant (sec)

Airframe lead time constant in &/g  transfer function (sec)

Absolute value of control-fixed roll-to-sideslip ratio evaluated
at @ = ay

xiii




& & 22

&

2

b

4

7

Bode frequency (rad/sec)

Gain crossover frequency, where the open-loop Bode
amplitude curve crosses 0 dB line (rad/sec) .

Dutch roll undamped natural frequency (rad/sec)

Undamped natural frequency of equivalent short-period
mode (rad/sec)

Undamped natural frequency of longitudinal feel system
(rad/sec)

Short-period undamped natural frequency (rad/sec)

Undamped natural {requency of second-order control
system lag (sad/sec)

Undamped natural frequency of second-order numerator
term in bank-angleto-aileron transfer function (rad/sec)

Signifies Bode amplitude of a transfer function

SignifiesBode phace angle of a transfer function

Phase angle of the airplane plus pilot time delay at
@ = (BW) i (deg)

Phase angle of the pilot compensation at @ ='(BW)mm (deg)

. d
( ) . 2.}...( ) Firet derivative with respect to time

(") . -5; {) Second derivative with respect to time




) -
; ABBREVIATIONS /

. FCS Flight control system
CAL Cornell Aeronautical Laboratory, Inc.
c.g. Center of gravity .
HOS Higher-order-system program (Reference 6)
IFR Instrument flight rules
log Legarithm to base 10
norm. Normalized
PIO Pilot-induced oscillation
PIOR Pilot-induced-oscillation rating
PR Pilot rating ( Cooper-Harper scale)
USAF United States Air Force
VFR Visual flight rules

-
- -
. o

Xv




SECTION I

INTRODUCTION

The study reported herein is the continuation of a series of experi-
mental investigations into the longitudinal flying qualities problems of
fighter airplanes, using the USAF/CAL variable stability T-33 airplane
{References | through 8). The experiment is directed at the "combat"
phase of the fighter's mission. The major area of concern is the influence
of control system dynamics on maneuvering response characteristics, though
the effects of turbulence are alsc considered.

For fighters having "fast" control system dynamics, the maneuvering
response usually can be described adequately in terms of the following
dominant parameters:

(1)  The short-period frequency (a),) and damping ratio ('¥%,,)

(2)  The pitch attitude numerator term ( 74, ) and the
response ratio (v/a)

(3) The maneuvering stick force gradient (F’,/n )

In recent years, however, complex flight control aystems (FCS), employing
various combinations of feedback and {feediorward lcops, have become
increasingly common. Many such systems being designed and tested today
introduce additional dynamic modes which have natural frequencies of the
same order of magnitude as the short-period frequency. When this is the
case, the airplane's flying l}mnﬁn can be completely unucceptable even if
the short-pariod mode iteell is well behaved (as shown in Reference 6).

Because of the significance of control system dynamics, it is impor-
tant taat new criteria for the design of FCS be developed, to ensure satis-
factory maneuvering characteristics. The criteria should have tha following
characteristice:

(1} They should describs, as directly as poesible, those charac-
teristics of the control system plus airframe which can cause
the pilot difficuities in performance of the mission.

(2) They should ba applicabls to the higher-order maneuvering
dynamics of airplanes having complex IF'CS, as well as to
airplanes whose dynamics can be adequately described by the
short-period characteristics.




{3) They should enable the designer to readily explore various
combinations of feedback and feedforward loops, compensation
networks, 2nd filters .n his attempts to achieve good flying
qualities.

The purpose of the present investigation is to provide data on the effects of
FCS dynamics and to develop a preliminary set of design criteria satisfying
the above three conditions.

This report presents detailed descriptions of the design and conduct
of the experiment, the results, analysis of the results, and propoud design
c¢riteria resulting from the analysis.




SECTION I1

BACKGROUND

In planning the experiment, it was first dee.aed necessary to identify
what types of control system dynamics are likely to occur in practice. This
was accomplished by studying a number of current FCS designs. The next
step in the planning was 2 detailed examination of the results of the USAF/

CAL higher-order-system (HOS) investigation (Reference &), After these

studies, the configurations to be evaluated in the present experiment were
selected to provide a broad base of data on the effects of FCS dynamics for

the development of design criteria.

2.1  Study of Current FCS Designs

The study was begun with a literature search, during which maay
different types of FCS machanizations ware examined. The study showed

that the most popular FCS concepts being designed and tested today appear to
have certain samilar effects on the airplane's overall maneuvering charac-

teristics. One example of this type of FCS is an experimental adaptive

\  system tested in an F-102 airplane (described in References 10 and 11). A

simplified block diagram of this system is shown below.
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The closed-locp poles and zeros of the constant-epesd pitch-rate<o-atick-
force transfer function, for a high-§ flight condition, are shown in the

following s-plane plot.
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This plot is fairly typical of the FCS deasigns studied, in that the closed-loop
dynamics arve characterized by one or more complex poles having natural
frequencies above that of the short period, plus a series of first-order poles
and zeros having {requencies near or'below that of the short period,

2,2 Discussion of the HOS Experiment

From the pilot's viewpoint, the maneuvering characteristics of the
configurations evaluated in Reference 6 can be represented as follows;

sTIcK s&u:stano sTICK Ds‘m&‘:‘, AIRPLANE
e « - <mdnd -
FORCE BYSTEM PORITICH A::tl:\%! RESPONSE

The maneuvering dynamics were varied during the HOS experiiment by
altering the simulated feel system, short period, and FCS.

The feel system dynamics wera varied by changing the feel system
natural frequency through a range of 6 \o 31 rad/sec. The comments
showed that the pilots noticed changes in the feel characteristics, per se,
But the primary effect of {eel system dvnamics on the overall flying qualities
appeared 0 be attributable to their influency: on the airplane's response to




stick-<force inputs.

N Three sets of short-period dynamics were selectud to show the
effects of both short-period fraquency and damping ratio. For euch set of
short-period dynamics, various types of ¥CS dynamics were investigated.
Each set of FCS dynamice was arranged in a Butterworth configuration, so
that each FCS pole had the same natural frequency. The dynamics were
then chinged by varying the natural frequency of the Butterworth configura-
tion from 6 to 63 rad/sec, and varying its order from second to fifth.

In order to illustrate the combined effects of the feel system, short
period, and FCS dynamics, a typical s- plane plot of the airplane's pitch-
rate response to stick force inputs is shown in Figure 1.

IF‘“;
SIMULATED !
X reeL JURSS
SYSTEM
&,
y
8 +10
J /
3% SIMULATED
p SHORT X 1
PERICD (.—,zr-)
¢ e/ 2 .
30 20 10 0 o

Figure 1.  s-Plane Plot of a Typical FCS/Airframe
Configuration {rom HOS Program.

The time history of pitch-rate response to a step stick-force input for this
example is shown in Figure 2, ‘

/ COMPLETE RESPONSE
,' \ {INCLUDING ECS)
MTCH \
RATE H \ SHOAT-PERIOD RESPONSE
‘: (INCLUDING 1/Z, |
! A
/ \
[}
!
0 N i M ‘—vz v i

TIME ~SEC
Figure &, Pitch-Rate Response to a Step Stick-Force Input
for HOS Configuration of Figure 1.
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Notice that the airplane's maneuvering response to pilot inputs looks very
much like the short-period response (including /f, . ) plus a pure time
delay. This is typical of the configurations evaluated in th¢ HOS experiment.
Most of the pilot's difficulties in flying such configurations were -slated to
the size of the time delay and the rapidity of the response following the delay.’ )
For the extreme cases, violent pilot-induced oscillations (PIO's) occurred
whenever precise attitude tracking was attempted.

2.3  Purpose of the Present Experiment

From the above discussion, it is evident that the effects of FCS
complex poles on flying qualities were studied in some detail during the HOS
program, but that other forms of FCS dynamics often occur in practice.

The primary objective of the present experiment, then, is to study the effects
of {irst-order FCS poles and zeros. As will be shown in the following sec-
tions. the rzsults of the two experiments combine to provide considerable
insight inic many of the problems which FCS dynamics are likely to cause.




SECTION I

D'.SIGN OF THE EXPERIMENT

On the basis of the considerations expressed in Section II, the spe-
cific configurations to be simulated were selected., The purpose of Section III
is to describe the control system and airplane characzteristics for each of
these configurations. The reader is referred to Appendix IV for detailed
discussion of airplane longitudinal transfer functiors and equations of motion.
In addition, Appendix V explains how the simulated configuraticns were
mechaniged in the variable stability T-33 airnlane, as well as how the longi-
tudinal characteristics discussed in this sec..''n were measured.

/

3.1  Basic Dynamic Configurations

To reatrict the study of first-order FCS singularities to a reasonable
size, the majority of the configurations were designed to evaluate the effects
of a single FCS zero and a singie IFCS pole on eight basic short-period con-
figurations. A second-order FCS pole was aleo included, but its natural
frequency was fixed at 63 rad/sec for most of the experiment. Stick-force
coramands to the FCS were used because this is typical of the current FCS
designs discussed in Section 2.1. The block diagram of Figure 3 represents
how the pilot would view the pitch attitude response to stickdorce inputs for
these configurations.

The eight basic short-psriod configurations weres selected to span
fairly wide ranges. relative to the requirementa of MIL-F-8785B8
(Reference 12}. Five of the configurations were {lown at an indicated air-
speed of 250 knots { n/a » 18.5 g'e/rad), and the other thres at 350 knots
( n/a =50 g's/rad). Fjigure 4 compares the eight coafigurations to the
spacification requirements. .

«
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¥igure 3.  Block Diagram for Baeic Confligurations Simulated
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Figure 4, Comparison of Basic Short-Period Configurations
with MIL-F-8785B Requirements

A complete summary of parameters related to flight conditions is as follows:

Vind n/e Density v, g 47
(knote)  (g/rad) Alt (fy) (ft/vec) (b/ft)  (sec” )
250 18.5 9500 480 208 . 1.25

350 50 9500 678 405 2.4

The original intent waas to evaluate separately the effects of the first.
order zero ( 7, ) and the first-order lag{ 7, ) on the eight short-penad
configurations. However, the use of 7, with 7, 20 caused noise problems
in the T-33's variable stability system; therefore, ¢ was always accom-
panied by a small valus of 7, . The specific values of T, and 7, sim-
ulated ware chosen to span typicai values for the FCS designs discuseed in

Section 2, §.




e

A totzl of 51 basic FCS/short-period configurations was evaluated,

as shown in Figure 5. It should be noted that most of the 51 configurations
3 had very high values of @, (63 rad/sec), which corresponds to the frequency
’ of the fastest FCS poles evaluated in the HOS program (Section 2.2), Four
of the configurations, however, were selected to show the effects of reducing
! '@y to 16 rad/sec, which is equal to the frequency of the medium-frequency
: FCS poles evaluated in the HOS program (see Figure 1).
' 1 SHORT PERIOD
CHARACTERISTICS
| ¢ CONTHOL Njoc = 1BSY/RAD 7/oc < 50 9/RAD
: SVSTEM Vind * 250KT Ving = BOKT
CHARACTERISTICS Wte, =i28sEc Vg, =24SECT
DeplPep Depllr
g e I‘il'z’2 “’3 22/6% ! G870 | 97/63 || 50/.28 | 6.1/18 )| 3487 I 7.3/.73 | 185/.68
05 |2 & 1A =
; 08 |33
i 2 |5 18 A
i 33 |8 e 7A
| § 5 |12 2c
{ g |1 ' 78
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i} 19 | 63 70 88
; 12 26 » 48 58
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NOTE: (1} Numbers/Letters Indicate Configurations Simulated
() %y =.75for @y =63, 16; ¥, =.67for wy =75

F T Figure 5.  Basic FCS/Short-Period Configurations
Simulated in Present Experiment




Typical s-plane plots and time histories for the present program are
shown in Figure 6, If these time histories are compared with the HOS time
histories of Figure 2, certain fundamental differences will be seen. In the
HOS program, the primary effect of the FCS dynamics was to introduce &
time delzy in the short-period response to pilot inputs. In the present pro-
gram, however, the shape of the airplane's short-period response is com-

pletely altered by the FCS dynamics,

RESPONSE TO STEP Fg INPUT

éIF‘ SINGULARITIES

410
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/\( (INCLUDING /%,
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q T 3 6 t
. « TIME ~SEC
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' 3 i
\x (%) 3 ,
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' é ! ( (INCLUDING 115, )
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I Y

—35 4 [} 0
o TIME ~8EC
_.
Typical s-Plane Piote and Time Histories for

Figure 6.
Present Experiment
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3.2 / Six Additional Configurations

,/ As part of the present program, six additional short-period configurad
! tions were evaluated with a nominal set of control system dynamics. These -

configuraticns had rather extreme combinations of f‘, and &, , and were

velected te compare with the short period requirements of MIL-F-8785B in
areas where the data supporting the requirements is rather sparse. The
characteristics of the six configurations are compared to the specification
requirements in Figure 7.
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Figure 7, Comparison of Six Additional Short-Period
Conligurations with MIL.F-87853 Requirements

To make the control system chavacieristice of these ¢ .afigurations com.
patible with the control systems for which most ¢f the epecification data

was obtained, stick poeition commands were usud {(nstead of the force com-
mands used in the 51 basic configurations. A block diagram of the pitch-
attitude dynamics ior the six configuraiions is as follows;
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3.3 Feel System Characteristics

The feel system characteristics were held fixed for all 57 configura-
tions evaluated in the program. The spring gradient was 22 lb/inch. The
feel system dynamics can be approximated reasonably well with the follow-

ing transfer function:

S, 2 ;_‘(',_‘Q (in. /1b)
£ - .
s ((_NT‘ - s )

3.4 Elevator Gea ring_

The gearing ratio betwesan the elavator and stick force was selected
by the pilot at the beginning of each evaluation, as discussed in more detail
* in Section 4. 1.  The purpase of this process was tc avoid having pilot opin-
ion degrade hecause of the stick forces being either too high or too low.
Ideaily, each dynamic configuration should have been evaluated with several
valuss of the elevator gearing ratio, but this would have required a much
larges flight program. '

\

3,5 Phugoid Characteristics

Since phugoid dynamics do not normally have a strong influence on
flying qualities for the “"cumbat" phase of a fighter’s mission, no attempt
was made to control the phugoeid dynamics. In-flight phugoid measurements
were made for each short-period configuration evaluated, however, and it
was found that the phugoid characteristics did not vary significantly as the
short-period characteristices changed. A summary of the measured phugoid

12
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X characteristics is shown below.

v

ind ~ Kt N/&~g /rad T_ ~ sec L9
—— D S

250 18.5 65-80 0.07 to 0. 12

350 50 90-110 0.15

Since the phugoid periods are long, and since none of the pilot com-
ments appeared to be related to phugoid characteristics, all the analysis
contained in this report will use constant-speed longitudinal transfer
functions.

3.6 Lateral-Directional Characteristics

A "good" set of lateral-directional characteristics was selected for
each flight condition. These characteristics were held fixed throughout the
program, except for the variations due to the changes in moments of inertia

.. as fuel was used. The characteristics were adjusted during the pre-
evaluation calibration flights until the pilots judged them to be good enough
that they would not detract from the longitudinal evaluation; no attempt was
made to "optimize" them.

Approximate lateral-directional characteristics, obtained {rom in-
flight measurements, are shown below.

vind = 250 kt vind s 350 kt
7/e = 18.5 g/rad n/&_ = 50 g/rad
@yn @y & 2.2 rad/sec G & oy m 4.5 rad/sec
& 5 ~ 0.2 S o~ ¥y % 0.30
lo/8l, « 0.5 le/a], » 0.5
% ~ 0.3 sec T & 0.2 30c
, = 75 sec T, 75 sec
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\
The following lateral-directional feel characteristics were held constant for
all the configurations evaluated: \

S, 02 (in. /1b)
Fas [_Lrlz.{) *—(——sz; LY I]
See_ 0067 - (in. /1) 7
« 2(0.7) .
Fer [(z:")’ T T8 "'] )

14




SECTION IV

CONDUCT OF THE EXPERIMENT

The control system and airplane dynamice discussed in Section II1
were mechanized in the USAF variable stability T-33, operated by CAL
(see Figure 8). Details of this mechanisation are contained in Appendix V,
and a complete functional description of the variable stability system can be
found in Reference 14. A total of 131 flight evaiuations was carried out in
this experiment, requiring 49 flights of approximately 1 1/2 hours each.

In this aircraft the evaluation pilot occupied the front cockpit, which
is shown in Figure 9. The system operator in the rear cockpit, who also
served as a safety pilot, could vary the handling characteristics about all
three axes by changing the settings of the response-feedback gain controls _.
on his right-hand console. In addition, through the use of awitches in the
rear cockpit, the safety pilot could select position or force commands for
the front-seat stick, and had the capability of intreducing the appropriate
controlosystem dynamics from filter cards carried in the nose of the T-33. - -
The evaluation pilot could not feel the control surface motions dus to the
variable-stability-system signals and had no prior knowledge of the configura-
tion characteristics. . "

-The following sections describe in detail the conduct of each flight,
the pilot briefings on the overall airplane mission, the evaluation tasks per-
formed, and the evaluation procedure. _ ,_

Figure 8. USAF/CAL Variable Stability T-33 Airplane
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Figure 9.

-

Evaluation Pilot's Cockpit in Variable Stability T-33
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4.1 Conduct of Each Flight

As previously mentioned, the evaluations were performed at two

~ different values >f ?/a (approximately 18 and 50) which were achieved by

flying the T-33 variable-stability airplane at indicated airspeeds of 250 and
350 knots at 9500 feet density altitude. These are nominal values and were
subject to variation because of local weather and turbulence and because of
the maneuvers required in performing the tasks. For the calibration
records taken during the program, the nominal indicated airspeeds were
always used, but the variation in altitude was as much as + 2000 feet.
During the performance of the required fighter maneuvers the indicated
airspeed variations were approximately 250 (+15, -20) krots and 350
(+#20, -40) knots, while the altitude variations were x 2000 feet.

The configurations were evaluated in a generally random order with
three configurations being evaluated per flight. The 250 knot configurations
were always flown first because of structural considerations related tc the
heavy fuel loadings. Each evaluation took approximately 25 minutes and
consisted of four phases: '

(1) . Calibration - At the beginning of each evaluation, oscil-
lograph records were taken to allow determination of the #/& being flown,

the A /n selected, and the short-period characteristics ( Wp and 3 )

being sirnulated. The /a2 value was obtained by flying at the appropriate
trim condition and inserting a series of separate automatic elevator steps.
/R/7 was found from the automatic step records and the elevator gearing

selected. The valuss of &5 and '5“, were determined from records of

at least two manual elevator doublets made by the evaluation pilet from
trimmed conditions, with no simulated control system dynamics present.
During the first third of the e.cperiment, these manual-doublet calibration"
recards were taken after each evaluation,as well. The results indicated
that the effects of changes in fuel remaining during an evaluation were not
significant; and thereafter, calibratiofi records were taken only once during
each evaluation. The details of the data reduction techniques used to extract
the necessary information may be found in Appendix V.

(2 Gearing Selection - During the first half of the experiment

the evalusition pilot was {ree to select any elevator-to-stick-force gearing
of his choice, The gearing selection chosen, in combination with the cali-
bration measurements, directly determined the F/n for the evaluation.
In order to select the optimum gearing, the evaluation pilot really had to

conduct 3 miniature evaluation since both the steady forces, represented by
R/n . and the initial forces, which affect the precision tracking capability,
are important and sometimes conflicting factors. Although the values of 5 /n
selected in the first half of the experiment were quite consistent (generally
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between 4 1/2 - 7 1b/g), some excursions outside these values did occur.
Values as high as 14 lb/g were selected in two instances and as low as

3 1b/g in several others. Since it is a difficult task for the evaluation pilot
to be totally consistent in selecting the gearing when allowed only a "short

look", limits correspondiag to a range of Fs /7 from roughly 4 1/2 to

7 Ib/g were placed on the elevator gearing available to the pilot during the
second half of the experiment. During the selection process, the pilot was
allowed to explore the complete range of gearings availablé, but if either
limit was violated in the process, the final gearing used was the limiting
value. In this way the evaluation pilot could comment fairly on any prob-
leras associated with the gearing selection used.

{3) Evaluation - Performance of the required tisks.

(4) Pilot Comments and Ratings.

These last two phases of the evaluation are discussed in
detail in Section 4.2.

4,2 Evaluation Procedure

Twa evaluation pilots participated in this flying qualities investiga-
tion. Their backgrounds are summarized below:

Pilot M = CAL Research Pilot, experienced as an evaluation
' pilot in flying qualities investigations. His flight
experience of 2300 hours includes 1000 hours in -
fighter-type airplanes, of which 500 hours were
acquired in an operational air-superiority role.

Pilot ¥ - ' CAL Research Pilot with extensive experience as
an evaluation pilot in flying qualities investigations.
His flight experience of 2700 hours includes over .
1000 hours in high-performance fighter airplanes.

. In the course of this axperiment, Pilot M evaluated 54 configurations
" {each a different combination of control-system and short-period dynamics)
" for a total of 50 evaluations (including repeats). Pilot W evaluated 39 of

the configurations for a total of 51 evaluations (including repeats).

Before any meaningful flying qualitiss evaluation can be performed,
a clear understanding of the airplane mission raquirements is easential,
The basic mission of the airplane to be evaluatad was that of an air-
superiority fighter having a limit load factor of 7. The evaluation maneuvers
were designed to be representative of those up-and-away tasks associated
with air-to-air combat, including weapons delivery. In addition, some
consideration was to be given to those air-towground tasks where high-load-
factor maneuvere are required. The airplane was axpected to have
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instrument flying capability, although this portion of its mission was con-
sidered to be of secondary importance. The mission as described above
was discussed at length with the evaluation pilots, individually and collec-
tively, to insure that each pilot was evaluating the configurations for the
same mission requirements.

Although the mission involves many tasks, an evaluation of the
vehicle flying qualities can be accomplished by having the evaluation pilots
perform a ssries of maneuvers representative of those tasks anticipated in
the mission, A copy of the pilot flight card outlining the piloting tasks used
to evaluate all the configurations is presented below.

1.
&,

3.

4.

S.
6.

t.
2.
3
4.

5.

PILOT EVALUATION TASAS

VFR (Bulk of Evaluation)

Trimmability - ability to stabilize and trim.

Pitch attitude tracking ~ ability to rapidly scquire and track
distant air or ground targets.

Symmetric pullups and pushovers - ability to rapidly acquire
and maintair. a given load factor ( n ranging from 0.5 g to 4 g).

Turning maneuvers
a) roll into 60 deg bank and maintain altitude - reverse ,

b) rapid turn reversals (90 degree bank, n = 4 g).
Ground attack (pullup, wingover, track, pullup),

Disturbance inputs - briefly check above in presence
of disturbances.

{FR (Brief look)

Trimmability.

Discret<-srror tracking tack (record | minute).

Random-error tracking task (record ! minute).

Symmaetric pullups and pushovers - ability to rapidly acquire

;ng :;?mma a given load factor ( n ranqing from 0.5 g to

Laevel turns - roll into 60 deg bank and maintain altitude-reverse.

Briefly check above in presence of disturbance inputa,
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The evaluation pilot performed these tasks in order, making com-
ments as he desired on a wire recorder. The details of the discrete-error
and random-error tracking tasks are discussed in Section 4.3, while Section
4. 4 contains a discussion of the randcra disturbance inputs,

At the end of each evaluation, the pilot was asked to make recorded
comments on the specific items listed on the Pilot Comment Card, which is
reproduced below.

PRSI ——

PILOT COMMENT CARD

Specific comments

1. Ability to trim.
2. Stick forces O.K.?

a} any second thoughts on gearing selection?
3. Stick motions O.K.?

4. Predictability of airplane response to pilot
inputs (initial vs final response).

5. Pitch attitude control and tracking capability.

6. Normal acceleration conirol.

1. Longitudinal control in steep turns.

8. Effects of random disturbance inputs,

qQ, Any IFR problems which didn't show up VFK?
10. . Llateral-directional control satisfactory?

Did it detract from longitudinal evaluation?

Summary comments

l. Good features.
2. Objectionable features.
3. Special piloting techniques.
4. Pilot rating and PIO rating.
- record decision-making process on wire
- identify deficiency(ies) which most influenced vach
rating.

As shown, the pilct was then asked to make sumthary comments and to

assign an overall pilot rating and a PlO (pilot-induced-oscillation} rating for
the configurati.n,

The overall pilot rating was assignzd by the pilot to the configuration '
in accordance with the ten-point Pilot Rating Scale established in Reference 9
and shown in Figure 10, The pilot rating represents a numerical summary
¢
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of the airplane's suitability for performing the particular mission taske

under congideration.

Figure 10.
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The P10 tendency x'ating assigned by the pilot was based on the six-
point rating scale established in Reference 6 and shown ir Figure 11. The
PIO rating acts as a convenient shorthand to discuse the tendency of the air-
plane to oscillate during performance of the task maneuvers. The scale
spans the complete range from minor "undesirable motions" to "divergent
oscillations”. Because of this, the PIO rating data from this experiment
show strong correlation with the pilot rating data. Therefore, little use was
made of the PIO ratings in the analysis,

NUMERICAL

RATING
NO TENDENCY FOR MLOT TO INDUGE UNDESIRASLE %
MOTIONS

(2]

UNDESIRASLE MOTIORS TEND TO OCCUR WHEN

PLOT INITIATES ABRUPT MANEUVENRS OR ATTEMFTE
TIGHT CONTROL. THESE MOTIONS CAN BE PREVENTED
OR £LIMNATED SY MLOT TECHNIQUE.

UNDESIRABLE MOTIONS ZARILY INDUCED WHEN PILGT 3
{MITIATES ABRUPY ANCUVENS OR ATTEMPTE YiGHT

- CONTRQL. THESS MOTIONS CAN BE PREVENTED OR
ELIMINATED BUT GALY AT SAURIFICE TO TASK MR-
FORSANCE OR THE JUGH CONBIDERAILE FLOT
ATTENTION AND EFFONT,

ORCILLATIONS YEND TO DEVELCP WHEN MLOT INITIATES .
ABRUST MANELVERE OR ATTEMPTE TIGHT CONTRDL |
BILOT MUIT REIAKCE GAIN OR AMKDON TASK YO :
MEGOVER, .

NVERTERT OBCILLATIONA TEND TO DEVELOP WHEN ]
MLST INTLATES ABRUFT MANEUYERE OW ATTLNITS .

BENT CONTROL. BILOTEMT ONEK LOOP #¥ !ﬁlm
O PAREZING THE 8‘"@&

m«mamxnmmmv ) #
CALSE OIVERGERT GECHLLATION . HLOT NUBT LIEN
%wawwm 'WW

Figure 11.  PIO Tendency Rating Scale
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4.2 Details of IFR T rackins Tasks

Two pitch attitude tracking tasks were included in the IFR tasks to
aid the pilot in his evaluation. Although these tasks do not have direct.
analogy in the real world of the fighter airplane, they did provide the pilot
with useful insight into the capabilities of the configuration to perform
precise, rapid tracking maneuvers.

The discrete-error pitch-attitude tracking task was mechanized by
displaying the error between the actual pitch attitude and a programmed
pitch attitude command signal on & horizontal needle in the Lear remote
attitude indicator. A complete cycle of the pitch attitude command signal
is shown in Figure 12, and the attitude indicator is shown in Figure 9. In
the brief time allotted for the tracking tasks during each evaluation, the
pilots never learned the pattern of the command signal.

'MT

a2

0 - v \j ] 60 v * 24 1 & -
TIME ~ $EC ‘

-~ 4

COMMANDED PITCH ATTITUDE ~ DEG
8

Figure 12, Discrete-Error Pitch-Attitude Command Signal

A commanded pitch attitude of & 5 degrees represented full scale (2 1 inch)
deflection of the horizontal tracking needle. The evaluation pilot's task was
to keep the error to a minimum, which required rapid and precise ~hanges
in pitch attitude. In the course of the evaluation, the pilot usually experi-
mented for a brief period to investigidte the affects of different control
techniques on tracking performance. After a technique consistent with the
fighter mission was established, a one minute oscillograph record of the
tracking task performance was taken.
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_ » The random-error pitch attitude tracking task was mechanized by
displaying the error bhetween the actual pitch attitude and that commanded
by a fi{tered random noise signal,a sample of which is shown in Figure 13,
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Figure 13. Random-Error Pitch-Attitude Command Signal

This task required the pilot to continuously maneuver the airplane to keep
the error to a minimum. Again, after a short period of experimentation,
a one-minute oscillograph record of the tracking task performance was

taken.

4.4 Random Noise Disturbances

The response to atmospheric turbulence is an important factor in
evaluating flying qualitics o an airplane. Unfortunately, the T-33 does not
possess independent control of the lift vector and therefore does not have
the capability to simulate the lift response to gust-induced angle-of-attack
changes. Therefore, using inputs to the elevator alone, it is not posaible
to provide a completely accurate turbulence simulation in both the pitching
and hcaving degrees of freedom. In order to provide the pilot with some
insight into the airplane's flying qualities in the presence of random
external disturbancee, however, filtered random noise inpuis were fed
briefly to the elevator, ailerons and rudder of the T-3) during the required
tasks. The magnitude of the random inputs to the ailerons and rudder
remained constant, but at a different level for each of the two flight con-
ditions evaluated. The level of the disturbances was selected during the
calibration phase of the flight program to be consistant with the up-and-
away fighter missvion under consideration.

As previously meuntioned, it is impoesible to satisfy the conflicting
requirements of the airplane @ and # responses to vertical gusts as

Gl varies, using the elevator alone. To keep the @ gust reaponses
realistic demands that the random inputs to the elevator be scaled as a

function of wfw . which yields ridiculously large ” responses for the
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high &), configurations. Alternatively, to keep the 7 gust responses

realistic demands a constant level of random inputs that yields & responses
which are too small at high @,, . A suitabie compromise was used which .
varied the random input signals to the elevator as a function of &ep  for

each flight condition. The evaluation pilots were carefully instructed that
the airplane's response to these random disturbances represents only an
approximation to real atmospheric turbulence.

The primary effact of the random disturbance inputs on the evaluation.

was to give the pilot a feeling for how well ke could get the nose back on a
target after an oxternal disturbance had thrown it off.

4.5 Evaluation Limitations

The principal problem confronting the evaluation pilots during the
evaluations was how to extrapolate to a 7 g fighter when the variabla-stability
T-33 encountered buffet onset for the 250 Juiot flight conditionat 2 1/2 to
3 g (depending on the weight) and at 4 1/2 g for the 350 knot flight condition.
The limitation at 250 knots was imposed by the buffet boundary of the T-33
itself and constituted a dual problem for the evaluation pilot. Could he
realistically extrapolate to the higher g levels consistent with this mission,
and could he fly the airplane &8 aggreasively as he deaired for the fighter
miseion? The pilots felt that they could make the neceasary extrapolation,
but with some reservations. There is evidence {rom the pilot comments
during the program that, in general, the pilota did not fly the 250 knot con-
figurations as aggressively as the 350 knot configurations. The pilot: con-
sistently commented that the 350 knot cases were more “fighter-like",

The 4 1/2 g's available in the 350 knot case is representative of typical
fighter maneuvers, where only occasional excursions to the limit load factor
are made. The task maneuvers at 350 knots could therefore be performed
without extra attention being required to keep clear of the buffet boundary.

Durmg the evaluations, the pilota were forced to examine the air-
plane maneuvering characteristics and tracking capabilities using distant,
stationary air and ground targets, The pilots did not have the opportunity
of tracking moving targets under high g loads.

Structural oscillations, particularly at the heavy fuel weights,
occasionally presented a problem during abrupt maneuvers; but the pilots
did not {ee! that these oscillations interfered with the evaluation, except
in one instance. This was the high- @;p , low-spead case with nagligible
control system dynamics (Configuration 3A).
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e As previously mentioned, the two IFR tracking ta.sks\have no direct
analogy in the fighter mission. Because of this, the VFR tracking tasks
were weighted much more heavily in the evaluatious than the IFR tasks,

Ancther evaluation limitation was the lack of a completely realistic
simulation of atmospheric turbulence. The random disturbances
(Section 4.4) provided some useful information to the pilot concerning the
effects of turbulence, but their effects were not weighted very heavily in
determining the pilot ri.ings.

Although there is no accurate way to estimate the effects of any of
these limitations, it is worthwhile to he aware of them. In spite of the
limitations, the evaluation pilots felt that good evaluations could be given
of the configurations, in the context of the fighter mission considered in this
program.
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SECTION V
EXPERIMENTAL RESULTS

\ The results of the experiment described in the preceding section are
in a\e form of pilot opinion ratings and pilot comments. A complete sum-
mary of the pilot ratings (PR), PIO ratings (PIOR), and the selected /g /n
valuey for each configuration evaluated is presented in Table . The sum-
marided pilot comments for each configuration are contained in Appendix I,
which also shows Bode plots and time histories for each combination of short.
period \and control-system dynamics evaluated. This section will briefly
discusg the pilot cominents and then summarize the efforts made to cor-
relate the pilot ratings with various open-loop criteria. As previously
mendc;%d. A0d as dramatically illustrated in the time hiatories of
Appendix [, the characteristics of the configurations evaluated vary over
very witle ranges. The difficulty of finding simple open-loop parameters
with which to correlaté all the results of this experiment led to consider-
ati:n of |pilot-in-the-loop analysis, which is fully discuseed in Sections VI
and VI.

5.1 Pilot Commentl\

t

In\any flying quhmeo program, the pilot comment data are at least

as important as the pilot reting data., In the comments, the pilot describes
the nature|of his problems and, of equal interast, how he {lies the airplane

to achisve \tho desired task performance. With support from the pilot
comments, & number of Jeneral observations about the conduct of the over-

all experiment can be made.

(1) \ For the fighter tasks evaluated in this program, the primary
concern of the pilot wus Kis ability to precisely control pitch attitude during

tracking manquvers. This observation is substantiated by the fact that the
comments foreach configiration (see Appendix I) under the headings
"Predictability of Rasponde” and "Pitch Attitude Control/Tracking Capability*
typically summarise the primary reasons for a given pilot rating. It is of
interest to note that the pilots often commented during the program that the
VFR precision tricking tasks were more demanding than the IFR tracking
tasks and were given more weight in the pilot vating.

{2) The control p{ normal acceleration, although of concern to
the pilot, did not appear tolbe as important as attitude control. The specific
pilot commants about normial acceleration control usually indicated the
same tyin of problems as gitch attitude control, but the problems wese
usually less critical. |

b
Vo
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(3) In evaluating a given configuration, the pilots were not aware
of the individual elements in the combination of control-system and short-
period dynamics being siraulated. The pilots evaluated the "total package".
This fact may appear obvious but is worth remembering when considering
the problem of correlating the pilot rating data with specific characteristics
of the airframe or control ¢ystem. |

(4) The selection of the elevator-to-stick- force gearing, which
determined the  F/» used, was sometimes a problem to the pilot. The

often conflicting demands of satisfactory initial forces for good precision
tracking capability, and satisfactory steady forces for good fighter maneu-
verability, sometimes required a compromise in the gearing selection.
Consider first those configurations with initial response characteristics
described as sluggish or slow, either because of low @), or control
systemn lags. In these cases, the pilot used large initia! inputs to "overdrive
the airplane”, so that the desired response would be achieved. ; This called
for a high elevator-to-stick gearing to'keep the initial forces reasonable,
The final response of these configurations, however, was not predictable
because the airplane tended to "dig in". This characteristic demanded low
elevator gearings to provide adequate g protection during the gross fighter
maneuvers; and therefore, a compromise gearing selection wag required,

On the other hand, those configurations with initial response charac-
teristics described as "abrupt, too sensitive" required the opposite gearing
compromise. In these cases, the initial forces appeared too light to the
pilot and called for a low elevator gearing to prevent inadvertent inputs.
Such a gearing selection would produce steady forces which were too high
for the gross fighter maneuvers, and would again lead to 2 compromise
gearing selection.

The evaluation pilots in this program, when faced with a compromise
in the elevator gearing selection, were willing to vary £/7  over only a
relatively smalil range. The pilots would not compromise their ability to
pull large load factors, even if the resulting 4/7  was not compatible
with the initial forces required for precision tiacking. The values of & /n

selected by the pilots in this program range approximately from 3 to 8 lb/g,
although a few excursions outside this range occurred early in the program

(see Table I). In the second half of the program, £/ /7 lmitsof41/21t

7 lb/g were imposed on the gearing selection to conform with the average
range of values selected in the first half (Section 4.1). In only a few cases
was the pilot restricted by these limits in his gearing selection. There is
no evidence,however, thatthe F£/a limits influenced the pilot ratings in
these cases,

The pilot commentis for the base short period configurations (those
with negligible control system dynamics) show the same trends as in
previous longitudinal programs (e.g., References 4 and 7). The pilot
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comments on the effects of adding significant control uystem dynamics to
these configurations are extremely difficult to summarize in a few words. -,
For this reason, the detailed diascussion of the pilot comments is included

in Section VII, where extensive use of‘the pilot comments is made in sup-
port of the pilot-in -the-loop analysis.

5.2 Correlation of Pilot Ratings With MIL-F-8785B 4

The pilot rating data for the 8 basic short-period coaixguranons
(those with negligible control’system dynamics) are compared in Figure 14 i
with the requirements of MIL-F+.8785B, Section 3. 2,2 (Reference 12). "' -
Shown on the same plots are the pilot rating data for the 6 additional short- e

period configurations evaluated. : :
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The correlation of the 8 basic short-period configurations with the
specification boundaries is good, For the 3 additional short-period config-
urations at 7/@ =18.5, the agreement with the specification is also good;

however, the 3 high-frequency, low-damping-ratio configurations at 2/ =
50 show poor agreement. in fact, there seems to be very little change in

PR with increasing &g and decreasing ¥, for these last 3 cases. The

lack of correlation with the boundaries is not, in itself, surprising since the
specification boundaries are not well substantiated in this region. The lack

of variation in PR with the changes in &, and JX,, is, at this point, dif-

ficult to understand. More will be said in Section VII concerning these con-
figurations.

b

The good correlation of the 8 basic shor®period configurations with
the specification boundaries provides a solid base from which to view the
remainder of the pilot raiing data for these same configurations evaluated
with rignificant controi-systam dynamics.

Section 3.5.3 of MIL.-F-8785B places limits on the control-system
dynamics by restricting the phase lag, at the short-period frequency,
between stick-force input and the control-suriace response. The substan-
tiating data for this requirerment were drawn largely from the HOS program,
Reference 6. In order to see the rating degradation due to control-system
dynamics alone, the rating data of Pilot M for the canfigurations with good

values of @, and ¥, evaluated in this experiment are shown in

Figure 15. The control system phase angles were computed from the trans-
fer function of simulated ¢ to f, (see Appendix V, Figure V-1} Also
shown on Figure 15 is the faired line from the MIL-F-8785B backgrourd
document (Reference 13) used in writing the requirement. The results of
this experiment do not correlate with the specification requirement.

As hacrved in the previous section, the pilot evaluates the total
response o! . airplane to his inputs and is not concerned with, or aware
of, the char .. =ristice of the individual elements which combine to produce
that respons: It is evident from the time histories in Appendix [ that con.
trol-system uynamics with poles or seros clowe to the airplane's @,

can modify the response to the extent that characterizing the response by
@yp and “,‘p is difficult and loses meaning. What is needed are require-

ments which are not dependent on identifying certain modaes of motion, such
as the short-period response, but which are based cn the characteristics of
the total response,

A short-period flying qualities criterion for fighter aircraft called
the C# criterion (Reference 15) does impoee requirements on the total
response to pilot inputs, The C¢ response is a particular blend of the air-
plane's n |, ¢ and # responses. The criterion is in the form of time-
history envelopes and {s designed to handle the combined effects of control-

system and airframe dynamics. Section 5.3 will discuss the results of
¢
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applying the C* criterion to the configurations evaluated in this experiment.

5.3 Correlation of Pilot Ratings with the C* Criterion

According to Reference 15, the C* response to a pilot force input is:

pe o .
C n . ;.Lﬁ (_6_) R 400 6. )
9 A

1"

n 4 é
Lo, (_1;« - jz) (__)
Fg 9 9 Fs
where .Z’ is the distance of the pilot's station ahead of the center of gravity,

in feet. C*/F_  and n/f have the units of g/lb, while & /F,
has the units of rad/sec per lb,

"

The normalized C* response to a step force input was calculated for
each of the configuravions evaluated in this experiment, These responses
and their associated pilot ratings were then compared with the C* time-
history boundaries of Reference 15. A time history which falls inside these
boundaries should represent a satisfactory airplane (PR < 3.5). The details
of these calculations and a complete summary of the C* time histories for
this experiment are shown in Appendix lIl. Out of the 57 different configura-

. tions evaluated in this experiment, there were approximately 10 cases that
disagreed with the C* criterion by either falling outside the boundaries with
a PR < 3.5, or falling inside the boundaries with a PR > 3.5, There were,
in addition, about the same number of cases which were considered dehatable
either because the PR was inconsistent or because the C* response only
disagreed with the boundary briefly. This statement points up one of the
difficulties in interpreting time-history boundaries such as C*. When there
is a small disagreement with the boundary, how serious is the degradation in
flying qualities?

It shouid be noted that the 8 basic short-period configurations with
negligible control-system dynamics, plus the 6 additional short-period con-
figurations, correlated with the C#* criterion fairlv well. This is not sur-
prising, however, since the envelope boundarics are based on data for which
the control-system dynamics were also negligible. The disagreemenis with
the C* criterion were caused by the effects of control-systen dynarmrics, the
very elfects the criterion was designed to handie. In fact, at least one
control-system configuration for each of the 8 basic short-period configura-
tions resuited in a disagreement with the boundaries.

To summarize the problems encountered in appiying the C% criterion
to the data of the present experiment, the following examples a:e given:
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Example }

{oonm. PR =3

7\ [ CONFla.
. 1T AL 20 pR=25
{
c.
Cu

TIME ~ SEC

; There are two clear disagreements: the configuration with a first-order
lead/lag network in the control system (2C) and the configuration with a
first-order lag and a low-frequency second-order lag {(2G). In addition,
Configuration 2Honly slightly disagrees with the boundary, and yet the PR
is a 5.5,

ExAmEle 2

@ g9 = 6 RAD/SEC, ¥ gp = 028
N =188 ¢RAD
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The trend of pilot opinion for both this short-period group (4A to E) and the
group with lower short-period damping (5A to E) clearly indicates that any
additional control-system lags cduse serious degradations in the flying
qualities (see Appendix [}. In both groups, increasing the control-system
lag will eventually reduce the oscillations in the C* response until the time
history falis within the boundaries, as in the example above, but will be
rated unacceptable by the pilot (Figure 40 shows an in-flight PIO record
for configuration 4D).

The appeal of a criterion such as C* to the designer is obvious.
As long as the C* response falls within the time history boundaries he has
a satisfactory airplane without regard to the details of the control system
and airframe dynamics under consideration. Based on the results of this
experiment, however, the C* criterion does not appear to have this general
application.

5.4  Correlation of Pilot Ratings with Equivalent Dynamics

In the HOS program (Reference 6), the response of each control-
system/short-period combination was approximated by an equivalent second-
order system plus a transport time lag. The frequency and damping ratio
of the equivalent system were generally very close to the short-period
characteristics because the frequencies of the control-system roots were

high relative to & . Therefore only their low-frequency phase contri-
butions were important and they could be approximated by a time deiay. In
this equivalent system analysis, the numeratore of the n/ and /4

transfer functions were unchanged from the values of the T-33. For each

airplane configuration evaluated, the pilot ratings and PIO ratings were then
correlated with a delay parimeter which was the ratio of the equivalent
time delay to the period of the equivalent short-pariod mode,

Since the control system dynamics studied in the present experiment
significantly alter the shape of the airplane response to pilot inputs, deter-
mining an equivalent system is a more difficult proposition. For the config«
urations with simulated control system dynamics, the normalized
transfer function is;

é (‘t"‘_Q'I)(f;S‘O)
I - A ) & AR AR

The & atep responses from the above expression wers generaied for
each of the 51 basic FCS/short-period configurationa. As described in
more detail in Appendix [I, these time histories were then analog matched
using the {ollowing equivalent system:




-

é "a‘ {7;.3")
- M EE)
A '(?5',"4:.5"

In most cases 7y was held fixed near the aporopriate T-33 value of
%, . However, in a few cases 7% had to be significantly varied, in
addition to @, , @, and ¥, , to achieve a reasonable match of the & time
history. This usually occurred for those configuraﬁone with appreciable
values of 7 in the simulated control system.

Attempts to correlats the pilot rating data with the delay param.ter
used in the HOS program, -:-l'- , where % = -3,-:- » Were not success-
e A
ful. However, reasonable correlation was achieved by plotting the product

@+ 4 against the time dehy @y . These efforts are documented in
Appendix Il and compare: with similar results from the HOS program.
Several authors, Hall (Reference 7) and the Shomber and Gertsen (Refer-
ence 16) for example, have suggested the use of @y ¢ 2;‘ asa longitudinal
flying qualities parameter.

Althougn the correlation of tha PR data with this equivalent system
approach is reasonable, several limitations should be noted. There is
considerable artisiry involved in certain parts of the analog matching pro-

cess. Accurate determination of the time delay, &; is often difficult;
and for time delays greater than 0.1 sec, small variations in @, can mean
sigaificant changes in PR. In the region of low a4 %  values {say @&, % <
2.5), large trade-offs between ¢ and &, , or in some cases between

%, and @}, can be made with little discernible difference in the accuracy
of the analog match achieved. [o the presont experiment, this problem
occurred for those configurations having é responaes with little or 1o
overshoot (configurations with low @), or layge coatrol systor lags). In
a few cases, @, - 2, could be changed by factors of 2 or more and, with
compensating changes in £, and 4, , equally good analog matches could be
obtained {3ee Appendix II). The important point to note is that this lack of
precision occurs in an area of primary practical importance, since the
lowsr a4, T, boundary would represent a design limit oa aft center-of-

=

gravity travel for many airplanes.
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Note that the 4, .  versus 4, boundaries of Appendix II apply
only for 3 > 0.4. Limits on damping ratio must be handled separately,
as is done in MIL-F-8785B.

In view of the practical difficulties associated with the equivalent
system approach, and the lack of correlation with MIL-F-8785B requirse-
rments on control-system dynamics or with the C* criterion, the pilot-in-
the-loop analysis described in che next section was undertaken,
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SECTION VI

PILOT-IN-THE-LOOP ANALYSIS

From the brief discussion of the pilot comments presented in
Section 5.1, it is obvious that the pilots weighted very heavily their ability to
acquire a target quickly and track it precisely. As a matter of fact, most of
the pilot ratings given during the program appeared to be primarily deter-
mined by how precisely the pilot could control the airplane's pitch attitude.
Because of this, it was decided to see what could be learned through pilot-
in-the-loop analysis of pitch-attitude control.

The first step in this study was to examine the results of previous
attempts to apply pilot-in-the-loop anzlysie to pitch-attitude tracking tasks.
Considerable work of this nature has been performed by Systems Technology
Inc. (STI), and some of the basic principles of their approach are given in
References 17 through 20. After studying a number of STI reports, it be-
came apparent that there are certain basic elements which must be defined
in a pilot-in-the-loop analysis; :

(1) A mathematical model of the closed-loop tracking task.

(2) A series of performance measures describing a "standard of
performance" which the pilot tries to achieve when he adjusts
his characteristics to the airplane.

(3) A method for converting cpen- ‘oop characteristics to closed-
loop characteristics.

{4) A method for determining how the pilot is likely to apply
compensation to achieve the "performance standards”,

(8) A method for relating tracking performance and pilot
cozapensation to pilot opinion.

All these slements are treated in STI's work, and their methods provide
interesting insights into various types of flying qualities problems. However,
the methods are not specific enough to allow direct application to the devel-
opment of control-system design criteria, Thus, the analysis described
below has the same basic elements as STI's approach, but differs consider-
ably in the specific methods used,

The following subsections describe the mathematical model used,
the development of closed-loop performance "standards", use of the Nichols
chart in the analysis, and how the pilot compensation is obtained. The
analysis techniques are then applied to two example configurations, and the
various parameters {rom the analysis ars related to pilot opinion.
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The Mathamatical Model

The form of the mathematical model used in the present analysis to
:ribe pitch<attitude tracking was taken {rom Reference 17. This model--
aown in Figure 16.

SIMULATED FCS
MLOT PLUS AIRFRAME
E / .
* $ . "
) z'e.ags(%'s ’\ ‘K (2'. $ I)(i'; I)\ 6 .
‘t’ﬁsd} (_5:. 2% sd)(_ ....!.m)(gsw)
47' 4)“ 4&‘ G),

_Figure 16,  Mathematical Model of Pitch Attitude Tracking

The model of the pilot consists of a variable gain ( £, ), a time
y, and 2 variable first-order compensation network. The time delay
ides the time required for the pilot tc sense a change in 8¢ , the time
ired to decide what to do, and the neuromuscular lags. STI's work
.ests that this time delay may vary with the airplane's dynamics and will
Aly lie between 0.2 and 0.4 seconds. For simplicity, a fized value of
dime delay ia used in the present analysis. The value of 0.3 seconda
"en is an average time delay measured from records of the diacrete-
e tracking task discussed in Section 4.3,

It should be noted that the block diagram of Figure 16 is known as
mpensatory tracking model, which means that the pilot operates only on
litference ( § ) batween (he airnlane's pitch attitude and the commanded
v attitude. In real life, of course, (e pilot also derives information

1 @ , 6, , and various motion cues, In a crude sense, howaver, the
pensatory model does describe what the pilot is trying to do with the
lana, and it has the advantage that it is relatively simple to analyze.
idition, it appears adequate to explain the more important aspects of
uda tracking, as will be shown in Section VII.

With the form of the tracking model chosen, the objective of the
ysis will be to determine the pilot model parameters { &, . §, . f,:)
the closed-loop ‘?/di'3 characteristica which represent how the pilot

ally flew each configuration evaluated in the experiment. To aid the
er in understanding the tarminology used in the romalning subsectinng,
‘ollowing should be noted;
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(1) -é-' is the open-loop transfer function of the airplane
plus control system.

. 8 .
—— is thu open-loop transfer function of the airpiaae
& Spen-loop
plus. control system plus pilot.

~— -é— is the closed-loop transfer function of the airplane
' plus control system plus pilot.

(2)  The terms "open-loop" and "closed-loop" are meant to
apply to the block diagram shown in Figure 16. Any FCS
loops around the airframe are always assumed to be

closed when computing the %4 characteristics.

6.2 The Pilot's View of Good Tracking Performance

The first step in the analysis is to ideutify the performance which
the pilot is trying to achieve when he "adapts" to an airplane configuration.
The pilot comments indicate quite clearly that he wants to acquire the target
quickly and predictably, with & minimum of overshoot and oscillation. The
question that remains ia how to translate this observation into mathematical
térmes.’

References 17 and 18 express tracking performance in terms of the
following open~loop and closed-loop parameters:

(1)  The pilot tries to achieve a particular valus of the open-
loop gain-crossover fraquency, &) (tits frequency at
which |#g! = 04m).

(3)  The pilot tries to minimise any low-frequency, closed-

loop "dsoop® (hold |#4|  as near 0 dB as possible, for
@5 &) .

*(3)  The piiot tries to maintain good high-~frequency atability by
keeping the damping ratio of any closed-loop oscillatory
modes greater than 0. 35, and by maintaining a4 phase margin
of 60 to 110 degrees.

Theae critaria are shown on the Bode plot of Figure 17,
v L)

The pcr!oﬂm;:ce parameters of References 17 and 18 are well
accapted performence mearuree in servo analyvs, For {lying qualities
aralyses. however, it secras more direct to express all the performance
mezsures in terms of what the pilot sees, i.e., in terms of closed-loop

© perametars. : :
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The pilot's desire to "acquire the target quickly and predictably"
seems to be related to low-frequency performance (the Bode characteristics
in the frequency range from 0.5 to 3 rad/sec, roughly). In the terminology
of References 17 and 18, the pilot is trying to achieve some minimum value

of &, , while minimizing the closed-loop droop for frequencies below o, .,
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Figure 17, Tracking Performance Parameters of
References 17 &nd 18.
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To express low-frequengy performance completely in terms of closed-loop
parameters for the predent analysis, a parameter called closed-loop band-
width (BW) is first defined: the frequency at which the closed-loop phase

({ % ‘/og ) is -90 degreles, (For a simple second-order closed-loop

system, BW would be equal to the system's undamped natural frequency.)

Using this terminology, it is hypothesized that the pilot is trying to achieve
some minimum value of BW. For frequencies below BW, he wants to min-
imize the closed-loop droop. Figure 18 shows these parameters applied to
the closed-loop Bode plots of Figure 17.
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Figure 18.  Tracking Performance Parameters Used
in the Analysis.
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The pilot's desire to acquire the target "with a minimum of over-
shoot and oscillation” seems to be related to high-frequency stability. In the
terminology of References 17 and 18, the pilot is trying to maintain a min-
imum damping ratio of 0. 35 for any closed-loop oscillatory modes (see

Figure 17). Eecause the closed-loop 0/o¢ responses are at least third-

order, however, the amount of oscillation which the pilot sees is a function
of more than closed-loop damping ratio alone. This can be seen in the
following sketches of closed-loop attitude response.

STEP 9, INPUT

SECOND ORDER

THIRD ORDER

THME =

LOG {9 vt

The oscillatory modes in both responses have the same natural {reguency
and damping ratio { ¥ =2 ,28), but the osciilation in the third-order response

{s smoothed by the presence of a first-order pole ( ¥ = 0.5 sec). Thus, it
would appear that the amount of oscillation which the pilot sees ia hetter

described by the magnitude of the closed-loop Bode resonance, |9/0¢ lm .

than by damping ratio alons. For purposes of the present analyels, there-
fore, {t is hypothesized that the pilot is trying to minimize the resonant

peak, !WQL., (see Figure 18).
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To summarise, it is hypothesized that the pilot is trying to achieve
good low-frequency performance (a reasonable bandwidth, with a minimum of

low-frequency droap), plus good high-frequency stability ( '0/’6|m as
amall as possible).

6.3 Tracking Performance Standards

Section 6,2 described the varioui closad-loop performance param-
etexs which are of importance to the pilot. The next step in the analysis is
to put numerical limits on these parameters, which describe the "standard
of performance” the pilot is trying to achieve in performing the required
tracking tasks. N\

A helpful guidein determining the performance standards lies in
the pilot comments concerning what the pilot does when he cannot achieve
good low frequency perfirmance without causing oscillatory tendencies. The
pilot typically complaine that if he flies the airplane as aggressively as the
task demands (i. 3., keeps the bandwidth up), he gets overshoots or PIO
tendencies. If he backs off and flies the airplane smoothly, he can reduce
the oscillatory tendencies, but his performance is not adequate for the task.
When faced with such a trade-off, the pilot's ratings seem to be primarily a
function of the compensation required to achieve good low frequency perfor-
mance, and the nscillatory tendencies that result. In view of these con-
siderations, the following performance standards are assumed for purposes
of the present analysis:

() A minimum bandwidth (BW)_ . of 3.5 rad/sec( ¥ %a 2 -90°
st & = 3.5). This valus was determined by trying a few
valuas of BW in the analysis of a cross-section of configura~
tions, until the resulting values of '|6/g, | max SOrrelated

qualitatively with the pilot comments concerning P10 tendencies.
It should be noted, however, that certain limitations of the
experiment apparently caused the pilot to use {(BW) 10 ©

3.0 rad/sec for the 250 knot configurations, as will be
sxplained {n Section 7. 1.

{(2) A maximum low-frequency droop of -3 dB wase selected some-
what arbitrarily ( |Q’0c|='t «3dBfor w & BW), (Fora
simple second-order closed-loap system with ¥ =0.7,

|6/e;] - = - 3d4Bat @ « BW)

These performance standards are summarised in Figure 19.
w?
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Figure 19.  Tracking Performance Standards Used in the
Analyasis.

The remainder of the andlysis is devoted to determining specific
values of Ky . T + % which will achieve the performance standards
of Figure 19, with a minimum of high-frequency resonance (low values of

]0/96[ max " The pilot ratings foy each configuration should then be

functions of K, .. G . G and [8/6,] .-




6.4 Use of the Nichols Chart

To apply the performance standards of Section 6.3 in the closed-
loop analysis, it is necessary to have a method to convert the open-loop
{ O/g‘ ) Bode characteristics into the closed-loop ( ‘/‘6 )} character-
istics. The ( 6/9¢ ) transfer function is really nothing more than a
transformation of ( %e ) according to the following equation.

o . _(%’%ely-
ac |+ () (A
One of the simplest and most illus’rative methods for effecting this trans-

formation ic to plot the { §/4, ) amplitude versus phase on a Nichols

chart. A Nichols chart is simptly a plot showing lines of constant closed-
loop amplitude and phase on a grid of cpen-loop amplitude versus phase.
Figure 20 shows a Nichols chart, with the performance standards of Figure
19 transformed cato it.

6.5 Form of the Required.'_Compenntion

To determine specific values of K, , %, ﬁx for a given con-

figuration, it is first necessary to determine the form of the compensation
which the pilot will employ (i.e.., whether lead compensation or lag com-
pensation is required).

‘To detsrmine the form of the required compensation, it is logical
to see firat what can be accomplished by adjusting the pilot gain alone,
without lead or lag compensation, The pilot's transfer function (see Figure
16} then wimplifies to;

LI
If a transfor funciion or a Bods plot in available which describes the
dynamice of the complete FCS/airframe configuration, the open-loop Bode
characieristics of VG& (using the simplified pilot) can be obtained from
the following transfer {uaction

(-E)*- K, e (.é.)
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(The star (*) will be used throughout the rest of the report to signifiy ‘/90
characteristics of the forrn shown here, i.e., no pilot lead or lag compen-
sation. All Q’a, characteristics without the star will be assumed to
include pilot compensation. ;

If the Bode amplitude IV&' *is plotted versus the Bode phase
3 (Q’M) * on a piece of transparent paper, the resulting curve can be
overlayed on the Nichols chart of Figure 20. The effects of changing £,
can then be seen by sliding the amplitude-phase overlay vertically on the
Nichols chart. The value of Ky should be chosen so that the performance

standards are just barely met (the overlay should be positioned vertically so
that the amplitude-phase curve is just barely above the hatched boundaries
of Figure 20, for all frequencies less than (Bw)mi n)' K this is done, there

are three basic types of amplitude-phase overlays which can result, as
shown in Figure 21.

" The form of the pilot's compensation for each curve in Figure 21 is
discussed below:

Curve A (limited by the bandwidth requirements alons).
is cace, the closed-loop resonance (+12 dB for this
example) can ba reduced by using lead compensation:

Fy -4t Sl >

e = Kee 3(—:—2’-;:,—) y Y,
Lead compensation will cause the lower part of the curve to
shifs upward and to the right, and may cause it to flatten
somewhat {curve A will bscome shapad more like curve C).
The compensated curve can now be shifted downward to
reduce the resonance without reducing the bandwidth below
(Bw)min‘ The droop will increase, however. The amount

of lead resulting in the least resonance will occur when the
bandwidth can be made axactly equal to (BW)m‘n and the

droop exactly uqual to «3 4B simultaneously (see discussion

of curve C).
Curve B {limited by the droop requirements alone).

In this case, the closed-loop resonance (¢ 12 d8 for this
sxample) can be reduced by using lag compensation:

o, ‘GBS'Gr—-S‘I) L, > 1T
(r,‘svr P T ey

&% Kpe

<7
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Lag compensation will cause the lower part of the curve to
shift downward and to the left, and will also cause it to
steepen (curve B will become shaped more like curve C).

This will resuli in a reduction in the resonance. The amount
of lag resuiting in the least resonance will occur when the
bandwidth can be made exactly equal to (Bw)min and the droop

exactly equal to -3 dB simultanecusly {see discussion of
curve C).

Curve C (limited by the bandwidth iind droop requirements
simultaneously). No value of the pilot's compensation in
the assumed form will reduce the closed-loop resonance
{in this case, + ] dB) without either incredsing the droop or
decreasing the baniwidth, For sxample, lead compensation
will cause curve C to become shapad more like curve B, In
this case, the resonance will be increased if the droop is
held at - 3 dB. Lag compensation will cause curve C to
become shaped more like curve A. Again, thy rescnanca
will be increased if the bandwidth is held at (Bw)min' Thus,

for curve C, the pilot can be expectad to use no compensation
at allk
Boe ket
) ,

Note that the pilot would probably not use lead or lag compensation for any
curve having a resonance of less than 0 dB,using Ky aleone.

With the form of the compensation determianed for a given configura-
tion, it remains to determine thy “optimum® choice of T and .

6.6 he "Optimum” Pilot Compensation

To determine the value of fi, and 7}-‘ tor a given coafiguration,
it ia firet neceasary to define what is meant by the "optimum” compensation.
In general terms, itis the compensation which will minimize the closed-loop
resosianca, while still meeting the psriormance standards. The following
discussion defines it more speciiically.

The "optimum" lead compensation will provide the most positive
increage in ¥ (“/‘g) for the least flattening of the amplitude-phase
curva, in the general vicinity of w a (BW}min. {Refer to discussion of
curve A, Section 6.5.) The flattening tendency is primarily related to the
fact that the increment in open-loop amplitude contributed by lead compen-

~ .
saticn, ’—'j;-%‘l-'—:—! + i positive and increases with & along the curve.
4 -
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‘ ”§E s
That is, 4[® 6+’ |/4(log @) ig positive for lead compensation, as can be
seen from Figure 22. Thus, the “optimum" lead compensation is that which

“t
will provide the most positive & J:{' ”) for the least positive value of
(VL AR
4!“ % l/d (log @) . in the vicinity of @ = (BW) .0

TR

Referring again to Figure 22, the variations in am;;litude slope and
phase with frequency can be seen, for any given value of Tﬁ, /i’,, .
For both lead compensation ( @, / 2;.‘ <! ) and lag compensation
{ % /%, > ! ), the amplitude slope and phase are shown to increass to

maximum values a¢ some intermediate frequency, then decrease again as
@ increases to infinity. The frequency at which both maxima occur is
centered (logarithmically) between Y% and ¥, , i.e.,@ =(7, 7;‘)'”,
These trends can be seen more readily if the amplitude slope is plotted
versus the phase for various values of Q,/% , as in Figure 23,
‘From Figure 23, it can be seen that the most positive phase for a given
positive slope will always be obtained when ( (o‘ l?}i )} is sera. Thus the

“optimum® lead compensation is pure lead { §, = 0).

The “optimum“ lag compensation will provide the most steepening
of the amplitude~-phase for the least negative increass in 2 ‘?/e. . in the
" general vieinity of @ = (Bw)min‘ (Refes %0 diocussion of curve B,
Section 6.5.}  The ateepening tendency is primarily related to the {act that
4 j’::e_:’i /“,qw) is negative for lag compensation ( see Figure 22), Thus,
the ":‘p:imum“ ag compenaation s that which will provide the most negative

- el et
value of¢ 53%-_1 d{ge) for the least negative %v).in the vicinity of @ =

min® Ruferring again to Figure 23, it can be seen that the
most negative slope for a given negative phasc will always occur at the
center freguency, & ={ %, T, )”3\ Since the primary area of

interest is @ = (SW) /min’ the fullowing exprasaion will be used to deline

the “optimum” lag cympensation;

(7, 5,)" « @,

This means that the lead and lag {requencies { /T and l/‘a";“a )
should always be chosen so that (BW}min is centered {logarithmically)

$0
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Figure 24. "Optimum" Lag Compensstion

Using Figues 25, the pilot compensstion can be datermined by
choosing the value of 2‘,' or { 'I;\/ 1",‘ Y which will cause the bandwidth
to exactly equal (BW) min and the maximum droop to exactly equal - 3 dB.

This will result in the smailest resonance, while still meeting the perfor.
mance standards. The process can te accomplished very quickly by trial

and error, if the amplitvde-phase curve of Figure 25 is graphically added
_to the uncompensated amplitude-phase averiay (9’0»' . K,c‘“' -;,9-. for a
%

few trial values of "2, or( e, /t,’ I

It should be mentioned that the compensation described by
Figure 25 Ly "optimum" in & ¢rude sense, 80 that it may be possible to

find a difforent combindtion of T, snd ¥y ., for a givea configuratian,

which would resuit in & slightly smaller closed-locp resonance. The dife

© ferencus will ba amall, however, and Figure 25 has the advantage of pro-
viding & consistent and reassnably simple msthod for a.pply,iug the compens
sation, as will be shown in the examples of Sectiane 6. ¥ and 6. 8.
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. 6.7 Example of a Conﬁgur;tion Having Low s

The first example chosen is a 250 kt configuration with a low
short-period frequency and good damping ( @, =2.2rad/sec, ¥,,
0. 69), with negligible control system dynamics (1D). A nominal elevator

gearing was used, sothat F,/a =51lb/gand K, =.77 d—efB/-j'-e-c .

The first step in the analysis is to adjust the pilot gain alone,
without lead or lag compensation. The pilot's transfer function (see
Figure 16) then simplifies to:

R « K e-u 3
% 1

The open-loop Bode characteristics for tho example configuration plus the
simplified pilot are shown in Figure 26 (for K, = 1.0 lb/deg).

The effects of changing Ky can be seen by overlaying a plot of
I‘/O, r versus ¥ ( ‘/0‘ )‘ on a Nichols chart, Such an overlay is shown

in Figure 27, positioned oa the Nichols chart in an attempt tc meet the
peviormance standards.

It is obvious from Figure 27 that a bandwidth of 3 rad/sec can
never be achieved using £, alone, without driving the system unstable.
((BW)mm is 3 rad/sec for the 250 kt configurations, as will be explained in
Section VI1,) In this case, the pilot must use lead compensation to in-
crease the bandwidth.

Using Figure 25, the "optimum" pilot compensation can be deter-
mined by choosing the valus of % which will cause the bandwidth to

sxactly equal 3 rad/sec and the maximum droop to exactly equal -3 dB.
This will result in meeting the performance standards with the smallest

resonance. An initial guess at the optimum value of £, <can be made

from the following observations. Figure 21 shows that if the compensated
amplitude-phase curve {s to have a low resonance, the compensated

¥ %, at @ =) rad/sec will have to ba somewhere near -130 degrees
(e.g., curve C). Figure 27 shows that the uncompensated & (%/60)" at
@ = 3 {s roughly <190 degrees. Thus, the pilot's compensation should
provids about 60 degrevs of phase lead at & = 3, Figure 25 shows that
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Open-Loop Bode Characteristica for a

Configuration Having Low &,

Figure 26.
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60 degrees of lead corresponds to %, & =1.77 or T, = .59 sec.
Using this value of T, . the compensated amplitude-phase curve can be

determined by graphically adding the amplitude and phase of Figure 25 to
the uncompensated curve of Figure 27,

The graphical addition process is illustrated in Figure 28, In
applying the process, the uncompensated amplitude-phase overlay of Figure
27 is positioned on the “"optimum" compensation plot of Figure 25 so that each
of several frequencies, in turn, is located at the origin (the particular
position illustrated in Figure 28 is for w = 3 rad/sec. After the compensated
amplitude and phase are determined {or each frequency, the complete
amplitude-phase curve from Figure 28 can be positioned on a Nichols chart
so that the performance standards are met forw £ 3 rad/sec, as in Figure 29,
Normally, an educated guess at a modified value of T4 must be made and
the process must be repeated to simultaneously achieve a bandwidth equal to
3 rad/sec and a droop equal to -3dB. In this example, however, the initial
estimate of Tg, has achieved the desired result without modification (as
shown in Figure 29).

Comparison of Figure 29 with Figure 27 shows that tha use of lead
compensation has allowed the pilot to reduce the resonance to a negligible
value, while maintaining s bandwidth of 3 rad/sec and a droop of -3 dB. A
summary of the open-loop and closed-lcop characteristics for this configura-
tion is shown on the Bode plots of Figure 30.

6.8 Eumph of a Conﬁguntion Hwin! ﬂigh a}ag

The second exampls chosen is & 250 kt configuration with a Righ
short-period frequency and good damping ( @), x 9.7 rad/eec, Y, =
0.63), with negligible control cystem dynamice (3A). Again, Fg/# =5 1b/g
and £, «.779%fssc

The first stap in the analysia {s to ree whut can be accomplished
by adjuating the pilot gain alone, without lead or lag compensation. The
open-loop Bode characteristics for the example configuration plus the sim-.

*
plified pilot racdel ( -%. . x,e""‘ -.;- } are ahown in Figure 3 (for &, =
3
1.0 ib/deg).

aho effects of changin l' can then be seen Ly overlaying a plot
of , VO.’ versus ¥ (%.) on & Nichols chart, Such an overlay is

shown in Figure 32, positioned on the Nichols chart so that K' is just large
enough to meet the periormaace standards.
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»Notice that in achieving a droop of -3 dB, a resonance (which is almost zero
damped) occurs at @ = 6,3 rad/sec. Also notice that the bandwidth is
6 rad/sec. Obviously lag compensation can be used to reduce the resonance,
while still meeting the performance standards.

Using Figure 25, the "optimum" pilot lag compensation can be
determined by choosing the value of 7,1/ T,' which will cause the band-
width to exactly equal 3 rad/sec and the maximum droop to exactly equal
-3 dB, An initial guess at the optimum value of % / 7, can be made by
observing that the uncompensated 3 (9/03)* at @ = 3 rad/sec is roughly

' =100 degrees (see Figure 32). By analogy to the example of Section 6.7,
about 30 degrees of phase lag at @ = 3 can be used. Figure 25 shows that

this corresponds to %, /% = 3.0, -Using this value of (PN T, -+ the

compensated amplitude-phase curve can be determined by graphically
adding the amplitude and phase of Figure 25 to the uncompensatred curve
of Figure 3¢. Overlaying the compensated curve on a Nichols chart, an

educated guess at a modified value of 7& / 7',' can be made which will

simultaneously achieve a bandwidth equal to 3 rad/sec and a droop of
<3 dB.  The graphical addition process ia illustrated in Figure 33, for

the final value of %, /T, =2.5 (7, and 7, can be found-from

Figure 24). In applying the process, the uncompensated amplitude-phase
overlay of Figure 32 is positioned on Figure 25 so that sach of several
frequencies, in turn, is located at the origin. (The particular position
shown in Figure 33 is for @ = 6 rad/eec).

Figurs 34 shows the compensated amplitude«phase curve from _
Figure 33 positionied on a Nichols chart o that the performance standards
are met for @ £ 3 rad/sec.” Comparison of Figure 34 with Figure 32 shows
that the uae of lag compensation has allowed the pilat to reduce the closed.
loop resonance to a negligible value, while maintatning a2 -3 dB droop and
a minimuorn bandwidth of 3 rad/uec. A summary of the open-lcop and
¢closed-loop characteristics for thia configuration is shown on the Bode plots
of Figura 35, -

6.9 Facmu'lnﬂ«mneiﬁg Pilot Opinion

The parameters £, TP‘ » T, which the pilot would choose

4
in "adapting” to a particular configuration, together with the resulting
closed-loop performance charactaristics, can ba determined from the
proceding analysis. It now remaine to relate the primary pilot opinion
factors, discussad in Section 3. 1, to the various parameters determined
from the 2-alysis. Bawsed or a'dewiled study of the pilot comments

A dix ', the Jollowing relationships are oifered:

he




K)
— g 8 e,
: : G T o .. : ! :
1 M " m O u " " o
..... e "HE SRR SO -t PR TN S A SR £ 9
2Te e I § L &l R S 5 3
I i T g - S § 3
— - L] 1] *
" " u hid + ! + * ro—nne, " " “ e 8]
e Cmemann | R S S e VR SRS m o e [ TR SR I B o o _
L) 1] -
H \ AP H WS +|+ s ' ' a3 e
" R - ANC IR R : b -
: " : . == £ 53 ; ; ; g n$
| ey el ity Py yoTeees y X - > = N b At b A M M.. W
] 4 t N ' 80 m ' . 1
[ 9 H ' H : ' H H E .M £
H 3 * ' ’ 1 - x H H H O & e
[} » 4 + ] t [ ] [ (] [ ] s ]
||||| L S O N Spu R T, A GRpIPE S, - [ Sy G LY - SR 4 8] I
===sd 3 Y ! ' Tl E : : ' w G
I H ' H . : ¢ ' H H E 5
S S S R A IR s 4 s
z & = & 4 4 [ §__ 3 233 -
0 H H v H H H 3 o & 0
' ! ' : ‘. ] ' - O
H 1 ' ' P ' 5. a, “ el
H H ‘ H ' - 139
S Ty peed 5§ g
' ] H t T {2 : LI
i ] 1] . .
: ) T o'® o \ : : .9 S g )
e S R R S | el 4| R HAES: 2285
L o= x DG .- 1 » .
S A B N P =
: : I KN p R NN SO S e :
jreemn- e uoco ~> .l..”. llllll . ﬂ b |.'|l : - s u o
] » . ¢ [ . . H N v Py
S S e . T R =
Foob b b w R | I .
femeee Armmeeen mnee e t-o- LA “C) R LooQYSE oo $omeeee 3----- ¢ 4
H H H : H gt : H H : 3
1 . ' ' ‘ uw + ] ~ . . . g
L4 ¢ [ ] [ ] * [} L4 . 13 . . o
3 3 ] ] + T w ] s . ’ . * 3]
H ) ! ! g J L . o N P
| B ST P deeinme deeveiadanaa. T




4

...... TR

@

pomacsad

i

©
1 >
. A
: 3 j
B . 8 . |
. ‘ <
e ES 8
...l > Em oooooooooooo a, ‘
! - 4 = Ve a
: 2 ob : 0 W 9
: S o : 323
S BTN E | B g £ 0
A (i s ie% |
m mw S E o T °
; “ S W X :
: dso e <35 = !
M 3 3i3 m
N R . —— W <o
: et . ole “n 0 H
' P 8 « _ 8
ORI SO v v v ® L £ 8 .m
¥ : . : . © A -4 g
. ’ . . ' « . » L.}
: ; : : . . ; . : : E o 5
" n “ ) . ¢ » : = 0 b )
b it [l G Ghbiar<-Sah At ..-\J..\--..-.!....---'-}.--.---4. 0 8 X
. : ’ / “ ! ! : > & 2
L] . . . , M ] n
. u " . - H " u . . m" F-QV
. * [
teemenn deccmnn FORE - SO SN S G & S teemnen + 8 o L
H ' ' -7 :
. ’ H
/ . “ 1] N Ps ——
T ”. |||||| [ “r lllllllllllllllllllllll dememeo “
' H H ‘- .
’ : H ! o
. H H ¢ m ma
Y n | F PRGN FPUSAPI. VAP SR AP RN APRPu RV SR S S SRR P
R N 2 L B B R R o
e Fl
ol ¢ . £
£¥




8
—=r8 .
I..uu«....dull.ﬁd..“u-ld S
——1 llln-.qu.n.m...fl.ﬁ.fl.ﬁi._. - ;
g Nﬁ.ﬁ.WWWHHﬁ#WWN#.ﬁmHHjuH. :
BT =1 ...lH!.-U_.l l!.r+|.5..+.._|l :
iy e :
SETHEEL m
— n.ﬁ.l.l - - 3 4 P
mﬁ%ﬁﬁﬁ.&ﬁ.ﬁﬁiﬁ 1 3 |
Hsasatt N i /
g g g m M |
Hza3 HI
T m t T =
_ .rl “. 90 “. .o.Ou
H$S 3 ¥
= i i
SIRE 1
IR
WWM _ _...ur.r._nWFuw« §
F41- 1 AL :
100, Ly .
_ H L d o
' | ¥ 3
Ly Ly < .
8 s




(1}

(2)

(3)

PIO Tendencies It seems straightforward to relate the

pilot's complaints of oscillatory tendencies to the closed-loop

resonance / /ac lmz

Pilot Compensation It would seem that the pilot's com-

ments concerning his compensation are closely related to
whether he has to generate phase lead or phase lag (over

and above the phase lag caused by his 0.3 second time delay).
Since the phase characteristics are most important for
frequencies in the vicinity of the bandwidth, it seems logical
to describe the pilot's compensation in terma of the followmg
phase arigle;

jw 179K

(J“’tﬁ *’)“" (BW)min
This phase angle can be determined from Figure 25 for the
particular value of ( 7p, /T, )or ’l‘p’ used., For the
example of Section 6.8, Figure 25 shows that X, is -25
degrees at @ = 3{ %, /%, =2.5). For the example of
Section 6.7, ¥jp.  is + 60 degrees ( I, =.59, T &=
1.77at @ = 3). Xg will be positive for lead compensation
and negative for lag compensation. Thus, when the piiot
complains of having to "overdrive" the airplane, 2, will
probably be positive. When he complains of having to "{ly
it smoothly®, ¥y, will probably be negative,

Stick Forces During the experiment, the pilots often

complained of the incompatibility between the steady stick
forces and the initial forces (or forces required for tracking).
It is clear, from the comments, that the steady forces
referred to are related to the steady-state stick forceper g
(Fg/n). The comments concerning tracking forces are
probably related to the pilot't gain; but since the pilot uses
the term "initial" forces, kp is clearly not the gain in ques-
tion since itis a steady-state gain. Because of this, it
would seem logical to use the pilot's gain at some inter-
mediate frequency (say, atw = (Bw)min ) as a measure

of the tracking forces. To this end, the following gain is
defined:
Koo = [5/ee]

We (BW)',-’
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/

joTp * 1))
where 'Fs/ael = IKP (W‘,‘

B

N
The easiest way to compute K, is from the following
_compensated open-loop characteristics:

Fq
Y

la/% ' an(lﬂ)‘-‘ i

X e ldeelu- Bw)
w IGIA',L_(M.“

For the example of Section 6.8, Figure 34 shows that;

B S I

: "’/‘el.,., = -4.5dB = 0.60

and Figure 31 shows that (Figure 3l is basedon Fg /# =
5 1b/g):

o armve s e

o5 |,., = -3.54B = 0.67 deg/ms

s0 that

Kyw ° 0.90 lb/deg

As will be shown in Section 7.2, X,, appears to have

been a strong factor in only a few configurations evaluated
in the present experiment,

R R T R e R N R

If the value of X, ic desired, it can bs computed from

Kgy 8 t‘ollow:g

o et o e v

: : 69
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K, = K

iwls o1 -f
- .!___ﬁ_.l

jﬂ%"'! I x (W) e

For the present example, the rmagnitude of the compensation
at @ = 3is -4 dB (determined from Figure 25 with & =
- 25 degrees), or 0.64 in linear magnitude . Thus, re

K, =0.90 (0.64)7" = 1.4 Ib/deg

The purpose of Section VII is to correlate /0/6¢ /m.z , 322, K
with the detailed pilot coraments and ratings.
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SECTION VII

APPLICATION OF THE ANALYSIS TO THE
EXPERIMENTAL RESULTS

Kach coanfiguration evaluited in the present experiment was analyzed
using the tschniques prasented in Section VI. For each configuration, the
various parameters reouiting from the analysis are presented in Appendix I,
along with the pilot comments. Appendix I also presents open-loop and
cloged-~loop time histories and Bode plots for each configuration. In addition,
Tables II and [II summarize the mors important parameters from the analysis.

- The purpose of Section Vi} is to discuss the results of the analysis,
beginning with a discussion of the importance of closed-loop bandwidth,
Next, the pilot comments are explained in light of the analysis and the pilot
ratings are correlated with the analysis parameters. Finally, the analysis

is applied to the resuits of some special T-33 flights and to the HOS data.

7.1 Effect of Bandwidth

, One of the first things which became apparent during the analysis
was the importance of (BW)mm. To illugtrate its importance, considur

canfiguration 4E. "This configuration has a low short-period frequency( a,=
3.4 rad/uec} with good damping, and considerable lag in the control system
{ T, =3 32sd/s0c).

|
If the analysis of Section VI is appliad to this configuration, lead
compenaztion is required to achisve any reasonable bandwidth. A value

of K-” equal to + 71 degrees is neaded to achieve a (BW)min of 3 rad/
sec, and the|reaulting resonance ( |9l ) is 4 6 dB. (This would
correspond #e: ¥a .25fora simple second-order system.) If (Bw)min
is 3.9 rad/jec. however, ¥ps of + 78 degrees is required, and the

resonance tecomes very large (+ 12 d8). This appears to be a rather
dramatic ckange in the closed-locp resonance for 2 rather small change in
(BW‘)mm. Before conciuding that this is unrealistic, however, consider

two separath evaluaticns of the same configuration by Pilot M.
i

Or Tlight No. 1940, Rilot M complained of some tendency to PIO
during attitude tracking tasks, but the PIO's were not full-blown. He gave
the airplane a PR of 5.5, with 3 PIO rating of 2.5. On Flight No. 1071,
Pliot M complained that the aivplane was PIO prone, with large amplitude
oscillationg., He sbserved that any aggreusive trxacking or meneuvering ied
to PIO's. He assigned the airplane & PR of 8.5 and a PJO rating of 5.
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AN
It is clear that Pilot M was not striving for the same standard of
performance for both evaluations. The comments give the impression that
the pilot flew the configurations more aggressively on Flight 1071 than on
1040. This could be interpreted as meaning that he was striving for a higher
(Bw)min' With these ideas in mind, a resonance of 6 dB (for BW = 3) seems

consistent with the PIOR of 2.5 on Flight 1040, while a resonance of + 12 dB
{for BW = 3.5) appears to explain the PIOR of 5 on Flight 1071,

The pilot comments for the two flights also indicate differences in
the IFR tracking tasks. On Flight 1040, Pilot M commented that he never
got into anything that approached a full-blown PIO during the IFR tracking
tasks. During Flight 1071, however, he said that he could get into beautiful
PIO’s when he tried to do the job. Typical IFR tracking records for the two
flights are shown in Figure 36. The discrete error records show that the
airplane initially reached the target sooner on Flight 1071, clearly indicating
a higher closed-loop bandwidth. A price is paid for reaching the target
sooner, however, in the form of more pronounced osciilations. The
random-error records show the same trend: Flight 1040 shows decreased
oscillations, but the low frequency performance is poor.

: On the basis of the above considerations, it can be seen that the
closed-logp bandwidth the pilot is tryiug to achieve, (BW)mi o' is a very

important flying qualities paramoter,. for two reasons;

{1) It has a very strong elfect on PIO tendency (closed-loop
resonance), as well as the pilot compensation required.

(2) - Itis a very difficult paramater for the pilot to quantify, /'
The reascn for this is that BW is simply & measure
of how aggressively the pilot feels he must initially move /
the nose up to the target, and is based on his experience ,/
and the task being svaluated. (The importance of
defining the task precisely in a flying qualities exper-
sment ia cbvious.) '

It is felt that these two considerations nway be the major factors
responsible for the scatter in pilot comment and rating data which is char-
acteristic of many flying qualities experiments. Ir fact, it is remarkable
that piiots are able to pertorm evaluations as consistently as they do, in

view of the atrong effects of (BW)mi'n.

Aside from the influences of (Bw)min on ucatter in the data, there

is one other effect in the present experiment which should be mentioned.
One of the evaluation limitations discussed in Section 4.5 is that the buffet
boundary of the T-33 at 250 knots apparently caused the pilots to fly the
250 knot configurations somewhat less aggressively than the 350 knot con-
figuratiors. This would suggest that the pilots decreased (Bw)mi;\ for the
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Figurs 36. Typical IFR Tracking Records for
Configuration 6E

low-speed cases. Analysis of the 350 knot data, using a (BW)mm of 3.9
rad/sec, resulted in values of ¥e and [0/& [,y, which correlated very

well with the pilot comments. The pilot comments for tha 250 knot configura-
dons, however, were not as severe as the results of using (BW) min * 3.5

would indicate. A value of (Bw)mm equal to 3 rad/sec was then tried for the
low speed cases, which reeulted in good correlation with tic comments.
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Therefore, to account for the fact that the pilots {lew the low speed
configurations somewhat less aggressively, the following values of (BW) min’

were used in analyzing the results of this experiment.

vind (Bw)min
250 kt 3.0 rad/sec
350 k¢ 3.5 rad/sec

7.2 Corrsalation with Pilot Comments

The purpose of this subsection is to interpret the pilot comment data
of Appendix I in terms of the various parameters resulting from the pilot-
in-ths-loop analysis. The varicus comment categories from Appendix I will
be handied in the following way:

Stick Forces Stick forces, per se, and the selection
elevator gearing will be discussed in detail only whe.
the forces appear to be a strong factor in the overall
pilot opinion. A more detailed discussion of stick
{forces will be given in Section 7. 4.

Predictability of Response and Attitude Control/ -

Tracking Capability The comments under these two
headinges ars the primary pilot opinion factors for
virtually severy configuration avaluated. They form the
core of the following diacussions and will normally be

correlated with the parameters §,, and.IOIO,I.u .

Normal Acceleration Control This will not normally be
mentoned because the dilficulties in g control are
ugually similar to those of attitude control, but are less
savere. Ina few cases, however, g control seems to
be equally as difficuit as attitude control; these cases
will be discussed.

Effect of Random Disturbances This will not be dis-
cussed unless it appeass to be a strong factor,

IFR Problems Thase comments usually deal with probe
lems encountersd during the IFR tracking tasks. If
important, these comments will be incorporated into
the discussions of attitude control/jtracking capability.
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Good Features and Objectionable Features These
comments surnmarize the specijic comments zbove,
and will be incorporated into the specific discussions.

-

To aid wie reader in following the discussion of the pilot comments,
Figure 37 relates !GI () l max to the damping rativ of a second-order .

system having the same |8/6.) .

| ': Ey

°v A

(Y] o2 04 08 10
¥ OF SECOND-ORDIR SVETEM
HAVING SARE [0/&] o

Figure 37. Damping Ratio of Simple -Second-Order System
as a Fuaction of IOIOQJ Ax

»

This is a crude relationship at best because the actual system is not second
order, but it should give the reader some physical feeling for the parameter

l‘/’.' max’ Perbaps a better appreciation for the phyucu‘ﬂgnmcance of

lO/%’ max 20 be obtained by referring to tho‘clooed-loop tinse histories
shown in Appendix [ for each configuration,
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Confi&xjaﬁon 1 (A to G}, &)_‘! =2, 2,y 35p =0.69, a/x =18.5

The pilot-in-the-loop analysis predicts pilot lead compensation,
X pc = + 60 degrees, for the base configuration for this greup (Configura-
tion 1D} with no tendency to oscillate in pitch attitude tracking. i*’/% l max °

0 dB. According to the pilot comments, the principal problem with this
configuration ia centered around the slow initial response. The pilot must
learn to "overdrive" the airplane to achieve the desired initial response,
then quickly take out the input aa.th® response develeps in urd«r to stop the -
airplane on a target. He often describes the control inputs required as pulsas-
iike. In this situation, the final response is difficult to predict and some
pilot effort is required to learn the correct control inputs to quickly and
accurately acquire a target. The initial forces appear heavy to the pilot and
lighten up dramatically as the response develops. The pilot must learn to
anticipate the airplane's response; in other words, he must introduce lead
compensation. Pilot W's commenta indicate that he can iearn to generate the
required lead compensation but only with some effort., Filot M, on the other
hand, expresses difficulty in predictind the final response and complainas of
overcontrolling or overshooting tendencies in g control, as well as ir pitch
attitude control. The pilots refer to overcontrol in g as a "digging-in*
tendency which is bothersome. In summary, the pilot comments make no
mention of oacillations, which is consistent with the predicted resonar.¢ of

0 dB. However, there are complaints about overcontroiling tendencies. It
is apparently difficult for the pilot tc consistently generate the considerable
lead compenaation required to achieve the desired performance. This dif-
ficulty leads to poor precision of control, as shown by the pilot comymenta.

The closed-loop analysis indicates that the addition of modarate con-
trol-system lead to the base configuration is beneficial. For example, in
Configuration 1B, reduced lead compensation { aﬁ = 4 35 degrees) ia pre.

dicted and the resonance is still very small {# 0.5 dB). The pilot comments
ave, in general, consistent with these values. There are no oacillatary
tendencies noted and Pilot W comments that a fast-pulse technique was used
with success, confirming that some lead compensation is needed. Minor
complaints are made about the ajirplane's tendency to "dig in" or overahoot,
which reflects the difficulty that the pilot has in accurately generating the
required ledd, particularly i gross maneuvers.

With fungher increase in control-system lead, as in Coniiguration 1A,
the analysis indicates a + 7 dB reosonance and the requirement 1or some

pilot lead compensation, X, = + 20 degrees. The pilot comments indicate

that tha main problem is in pitch attitude control, although considerable
scatter exists in the pilot ratings and commeats for this configuration. The
comments show that it is difficult to acquire a target, the responac takes off,
and the final response is oscillatory with some PIO teadency in the IFR
tracking tasks. These comments are consistent witn the trend predicted in
the analysis, although the + 7 dB resonance is perhaps mcre severe than the
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coramants indicate. Rapid pulse-type inputs ars used, correlating with the
predicted requirements for pilot lead compensation. The probliems noted
for g control are similar to the pitch attitude control problems. The pilot
comments aleo indicate a problen: with the stick forces which may have
influenced the pilot ratings. A discussion of the possible reasons for this
problem will be made in Section 7.4.

For Configuration 1C, which has the same control-system lead char-
acteristics as 1B but with @, = 16 rad/sec, the clo:ed-loép analysis predicts
a2 + 2 dB resonunce and the requireﬁ:ent for more lead compensation than for
IB{ x, =+42degrees). Ths pilot comments for Configuration 1C do

show increased pre/blema with pitch attitude control and confirm the require-
ment {or lead compensation.

The addition of control-system lag to the base canfiguration, as in

'Com‘iguradom 1E. F and G, resuits in increased problems with gecillations

in precision tracking and increased pilot lead compensation. - In Configura -
tion 1G, for example, the pilot says the tracking capalility is poor, prac-
tically nil, with PIO's cccurring in tight trucking and that pulae-like inputs
are required. The closed-loop analysie adequately pradicts the trend toward
large oscillations in pitch aititude when tracking, as weil as the-targs lead
compensaiion required to get the desired performance. For example, the

analysis predicts a rero damped oscillation for Conliguraticn 1G, {Gl%imua
00, and &g, = + 80 degre es. ‘

Figure 38 shows the &, ., £ , and # time histories {rom the

flight records for the discrete-arror tracking taak for Configuration 1Q.
These records clearly show the pitch attituds tracking problems chat the
pilot has in trying to follow the step change in pitch attitude commanded by
the tracking needle. The {requency of the zero damped oscillation in 6,

is 3 rad/eec {20.2) which corresponds well with the vesonance frequency
of 2.7 rad/eec predicted in the analysis, The very large, rapid £ inputs
subatantiate the predicted requirement for pilot lead compersation.

Condiguragions 2{At2 ), @y, =4.9, ¥, 20.70, n/a =185

The base configuration for this group, Configuration D, is described
as & nice airrlane with good maneuvering characteristics, but with & slight,
tendency to overshoot the target. The predicted resonance of + 2 dB and
dpn® -5 degrees is certainly consistent with the pilot comiments for this
comguutioa.
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Figure 38. In-Flight Record of a PIO Ocenrring
During Jdiscrete Ervor Tracking Task.
{Coofiguration iG. Flight 1061)

For Configuratden 2A, which has considerable lead in the control
systern, the PilGta COmMMmeNRt on & tandancy to overshoot when flown aggras-
sively. Pilat W notes that with ermnooth inpute tiag compensation) the pitch
atticude control becomes quite accurate. The pilot comrment that the forces
go from light to heavy is typical of covfigurations that require lag compen-
sation and further avidence of the type of compensation used in thie case,

The analysis predicts a ¢ 3 dB resonance and  Jpp = -16 degroos, 'which
are consistent with the pilot comimmaents.

The effect of reducing the value of @, (rom 63 rad/sec in Configura-
tion 2A to 16 rad/sec in Configuration 28, is to increase the resonance to
+ 7 d8 and leave 1., nearly unchanged st <20 degrees. The pilot comiments

for the laet 3 avaluations of Configurativn 2B, show increussd concarn with
Svershooting the target aud occasionaily gatdng out of phase with the air- .
plane ruaponse. The comments also describe the need for munooth inputs
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(lag compensation). These observations tend to correlate with the results
of the analysis.

When first-order lags are introduced into the control system of the
base configuration, as in Configurations 2E, F,H, and J, the analysis pre-
dicts a resonance which is approximately constant at ¥ 3 dB and the require-
ment for increasing pilot lead compensation as the lag effects are increased,
The pilot comments describe similar trends. As the control system lag is
increased, the pilot comments describe the heavy initial forces and the need
to "overdrive" the airplane with greater regularity and emphasis, confirming
the need for increasing pilot lead compensation. The comments on the pitch-
attitude control describe tendencies to oscillate, gradually changing to com-
plaints of overcontrolling as the control system lag is increased. This )
indicates that the pilots' preoccupation with the closed-loop resonance is
giving way to poor predictability of the response due to increased lead com-
pensation, .

For the two configurations with &; = 16 rad/sec, in addition to a

first-order lag in the control system (Configurations 2G and 2]), the analysis
predicts increased resonances and more pilotiead compensation than for the

same configurations with &, s 63 rad/sec (2F and H). The + 6 dB resonance
and &5 = + 35 dogrees predicted for Configuration 2G are consistent with

the pilot comments, which complain of the tendency toward PIQ's and the
heavy initial forces. For Configuration 2l, & resonance of + 7 dB and

¥gpc = ¢+ 59 degrees is predicted. The pilot comments indicate PIO prob-

( iems and complain about heavy initial forces, confirming that pilot lead com-
psnsation is used. The PIO tendencies for both configuradons appear to ba
somewhat more severe than predictad by the analysis.

Configurations 3 (A to E) ayo = 9.7, ¥,, »0.63, n/a =18.5

The analysia predicts that the base Configuration (JA) will require
lag compensation ( 34 = -25 degrees) and the resonance will be negligible

( le/ 9¢| max " 1dB). The pilote comment that the airplane is initially

very abrupt and that it must be flown smoothly. This is consistant with
3-,;-_ = 225 degress, However, there are commaents that indicate cver-

shoots or "bobbling” tendencies on target, which are not consistent with a
resorance of -1 dB. Much of this tendency to oscillate is explainable in
terma of the lag compensation required, which pilots apparently do not like
to use. The problem with lag compensation is related to the fact that it is
difficult to apply samuoth inputs consistently in the context of the fighter mis-
sior. For Configuration 3A, the 25 degrees of lag compensation is necessary
to prevent oscillations, so that oscillations will obviously result wherever the
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pilot inadversuntly applies an abrupt inpuv. Figure 39 illustrates the ex-
tyeme effect of removing the lag compensaiion entireiy (for constant pilot
gain Kp). Itis important to note that this effect does not occur with lead

compensation, since the removal of lead compensation will not cause the
lower part of the amplitude-phase curve to flatten appreciably (it may even
csuse it to steepen).

]

In addition to the difficulty of consistently applying lag compensa-
tion, the "bobbling" tendencies seem to be related to light initial stick forces.
The pilots complain that the airplane is sensitive, that the light initial forces
lead to unwanted inputs, and that the stick must be held rather lightly. The
effects of light initial forces will be described in more detail in Section 7. 4.
The tendencies to oscillate and bobtle are accentuated by the random noise
disturbances {simulated turbulence), which cause the pilot to continually
force the nose back onto the target.

It should be mentioned that when Configuration 3A was evaluated
early in the program (Flights 1023 and 1024), there were problems with
coupling between the variable-stability system and the T-33's wing bending
modes. Other than to cause the pilots to select unusually high stick forces,
this coupling did not appear to have a strong effect. The coupling was
reduced on later {lights by evaluating this configuration at lighter fuel
weighta.

As control-system lag is added to the base configuration, the anal-
ysis indicates that the required lag compensation lessens significantly, and
the resonance increases very slightly. For Configuration 3C, no compensa-
tion is predicted, and the resonance is + 2.5 dB.” The comments indicats
some improvement over the base configuration, in that it is no longer
necessdry to use smooth inputs, and the initial forces are more reasonable.
The bobbling tondencies due to light initial forces for the base configuration,
however, are now replaced with alight overshooting due to the + 2.5 dB
resonance,

As the control-system lag continues to increase, the analysis pre-
dicts that the resonance will become insignificant again, but lead compensa-
tion will be needed. For Configuration JE, considerable lead compensation

is predicted ( o = + 55 degrees), along with a negligible resonance

fi ]e/e,,l‘ max ° -2 dB ). The primary complaints for this configuration

center around having to pulse the airplane and the fact that the stick forces
are initially heavy but lighten up as the responae develops. This clearly
indicates the us» of lead compensation. The comments indicate very little
tendency to oscillate, which is compatible with the small resonance. The
pilot also complains of some tendency to overshoot, which is probably re-
lated to problems with the predictability of the response due to having to
use lead compensation.
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Configurations 4 (A to E, and P) 4y =5.0, ¥, =0.28, n/a =18.5

The analysis predicts large resonances (greater than 10 dB) for all
the configurations in this group, with Configurations 4A, B and C requiring
pilot lag compensation, while Configurations 4D and E require pilot lead
compensation. The pilot comments for the configurations with appreciable
lag in the control system, 4B to E, all indicate serious problemsz with pitch-
attitude control, including full PIC's, and are therefore compatible with the
results of the analysis. However, the pilot comments for the base config-
uration, 4A, seem to indicate that the oscillatory tendencies are not quite
as severe as predicted by the analysis (a resonance of + 10 dB},

A; range of pilot compensation from  £p. = - 28 degrees for
Configuration 4A to  ¥pc = + 57 degrees for Configuration 4E, ic predicted

by the analysis. The pilot comments support this trend in general, although
specific correlitions are not possible in every case. For exampls, in Con-
figuration 4A, the pilot describes the forces as going from light to heavy,

a consistent comment for #0c = - 28 degrees. In Configuration 4E, £ pes

+ 57 degrees is predicted, and the pilot complains of very heavy initial
forces, which dramatically lighten \c the response develops. In all the
configurations of this group, the response to random disturbances is a prob-
lem, but the tracking characteriatics of these configurations are generally
80 poor tiaat this factor is not critical.

A sample of the in-flight discrete-error tracking records for Con-
figuration 4D is shown in Figure 40 to illustrate the pitch-attitude tracking
mxmrienced by the pilot. The 2nalysis predicts a resonance of
+ 10 dB with 4 4,4 = ¢ 31 degrees. The oacillation of 8, in Figure 40
appears to be close to zero-damped, which seems worse than a resonance
of + 10 dB would indicate. It must be understood, however, that the analysis
is intended only to predict PlO tendencies, and that the piiot's technique will
change when a P10 bacomes fully déveloped. It is interesting to note, how-
ever; that the {requency of the oscillation in between 4.5 and 4.8 rad/sec,
which is reasonably close to the predicted resonant frequency of 4. 3 rad/
sec. After studying Figurk 40, the reader will find it interesting to refer
hack to the C* response given for this configuration in Section 5. 3, which
falls completeiy inside the “satisfactory” C* eavelope.

A

e

On Flight 1049, an electrical failure occurred, which caused the
T-33's variable-atability system to switch from stick jorce commands to
stick positicn commands. Thus, the base configuration (4A) wias evaluated
with the {sel ¢ystem in series with the rest of the control system (as de-
scribed in Section ). 2).  This configuration is designated 4P. Analysis
of Configuration 4P shows that the introduction of the feel-system dynamics
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into the #/F, transfer function causes the required pilot lag compensa-
tion to dacrease from ¥ ps = - 28 degr-2s to - 20 degrees and the

resonance to increasa from + 10 dB to + 12 d3, The pilot comments
indicate that the oscillatory tendencias of Configuration 4A become more
severe with Configuration 4P (in fa~t, they are now called PIO tendencies).
The pilot rating increases froma 5toa 7. :

Figure 40. In-Flight Record of a PIO Occurring
During Discrete-Error Tracking Task
{Configuration 4D, Plight 1057)

Configurations S (A o E)  a},= 5.1, 5’,, = 0,18, w/@ = 18.%

The analyeis predicts severe tracking problems for all the config-
urations in this group, i.e., resonances greater than ¢ 12 4B, Pilot com-
iments for all the configurations indicate PIO problems when tight tracking
{s attempted. However, the comments on Configuration SA do not seem to
indicate PIO tendenicies quite as severe as predicted by the analysis. Pilot
lag compensation {s predicted for Configurations SA, B, and C and lead
compensation for 5D and E. The pilot comments conlirm these trends
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the need for smooth control inputs (lag compensation), while in 5E the pilot
had to try to anticipate the \response (lead compensation). The pilots con-

sistently complain about thé effects of the random disturbances, but in the
words of one pilot, they just male a bad configuration worse.

in pilot compensation reqiired. For example, in 5A the pilot comments on l

Configurations b (Ato F) @es = 3.4, e =0.67, /% =50

The analysis predicts that considerable lead compensation

( %pe =+ 57 degrees) will be required for the base Configuration (6C),

but the closed-loop resonance will be small ( |6/ o] _ax = *1-5dB).

The primary complaints are the sluggish ini&a&{eapoaue.' having to
“"overdrive" the airplane, having to use pulse-like inputs, and the fact that
the stick forces go from heavy to light as the response develops. These
comments certainly indicate that considerable lead compensation is being
used, There is no mention of oscillations, which is consistent with the
resonance of + 1.5 dB., There are complaints of overcontrolling tendencies,
however, which appear in g control, as we:l as in attitude control. The
pilots reier to overcontrollin g as a *digging-in" tandency, which is quite
bothersome. The overcontrolling tendencies are felt to be a direct result
of the requirement for conpiderable lead comaensation, which seems to he
difficuit to generate accurgtely. T hus, the final response is difficult to
predict with any degree of precision,

A

The analysis shows that the addition of 2 small amount of control-
system lead to the base configuration is beneficial. For example, the pre-
dicted lead compensation for Cdafiguration 6B is considerably reduced

4,,6 a ¢ 38 degrees), and the '\ﬁpoomnce becomes very small (+0.5 dB).

The pilot comments indicate only.\ninor problems. There was no indication
of oscillatory tendencies in trackipg, which is consiatent with a resonance
of 4+ 0.5 dB. Pilot W mentions that the initial response scerms a little bit
slow, which indicates that some lekd compensation is needed.

v

o
U more control-system lead is added to the base configuration, the
analysis predicts that the effects will be degrading. For Configuration 64,

the compensation required becomes negligible ( X5, = ¢ 11 degrees), but

the resonance increases to ¢+ 3 dB. Pilot W complains that the attitude con-
trol is "bad” for large attitude changes, and that there is a tendency to
overcontrol in the IFR tracking taske, These comments certainly indicate
some resonance, although the comment data is sufficiently sparse that it is
difficult to judge whether a + 9 dB resonance is reascnable (Pilot M's com-
ments were lost due 1o a malfunction in the voice recorder). Pilot W also
complains of a very abrupt initial responae, which indicates that the-initial
ttick forces might be a little light. This latter effect will be explained in
more detail in Section 7. 4. .
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When control-system lag is added to the base configuration, the.
analysis predicts that the required lead compensation will rapidly increase,
as will the closed-loop resonance. The pilot ccmments clearly substantiate
this trend. For example, the analysis shows Configuration 6E to have

¥4, = +78 degrees and 2 resonance of + 12 dB. The pilots comment that

the stick forces go from heavy to light as the response develops and that
pulsing technique helped, cléarly indicating the use of lead compensation.
In addition, the pilots complain of strong PIO tendencies.

Figure 41 shows a special record made during the evaluation of
Configuration 6E on Flight 1071 . It dccuments a classic PIO which resulted
when Pilot M tried to acquire a distant target and track ft. The first cycile
of the PIO has a frequency of about 4.4 rad/sec; the + 12 dB resonance pre-
dicted by the analysis occurs at about 3.9 rad/sec. After the PIC is fully
developed, the frequency increases to over 5 rad/sec. It ii aleo interesting
to note the rather large stick forces required to move the .aose of the air-
plane rapidly. This is further evidence that the pilot is "overdriving" the
airplane, i.e., using considerable lead compensation. It should be under-
stood that the exact nature of a PIO obtained from a given configuration is
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.Flgm 41, In-Flight Record of a PIO Occurring During
Visual Tracking (Coafiguration 6E, Flight 1071)
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somewhat dependent on how the pilot is flying the airplane, e.g., on the
bandwidth he is trying to achieve. For example, Figure 36 shows PIO's
obtained for Configuration 6E (also on Flight 1071) during the IFR tracking
tasks. The frequency of the PIO's shown on those records varies from
3.5 to 4.5 rad/sec. :

Configurations 7 (Ato H) @ =27.3, ¥, =.73, n/e =50

The base Configuraﬁ&n (7¢) should be a good airplane, based on
the analysis ( ¥p5 =+ 13 degrees, i‘/‘cl max = 0dB). The pilot

comments indicate a slight tendency to bobble on target. This may be
partially related to light initial forces, but seems to be minor. Overall,
d‘u response was judged to be snappy -- good but a little abrupt.

analysis_shows that the required compensation will change from lead to lag
and the resonance will increase somewhat, For en{nple.. the analysis pre-

dicts %5, = - 10 degrees and a resonance of + 3 dB for S:'gnggruruion TA.

Thus, Configuration 7A should be a reasonably good airplane, with a slight
tandency to oscillate, The comments indicate aome incondistency between «
the two pilots for this configuration. Pilot W says that the airplane is a
little too snappy, but is quite good overall. He makes no mention of over-
shaoting tendencies. Pilot M, on the other hand, complains of soma over-
shooting in acquiring a target, and says that the light initial forceas tend to
make the airplane sensitive to unwanted inputs. Thae light initial forces will
be discusued in mors detall in Section 7.4. On the average, comments

seeam to be compatible with the analysis.

R o]

As increasing amounts of control-system lag are added to the base
configuration, the analysis predicts that the resonance will gradually in-
crange t + 5.5 dB and the required lead compensation will rapidly increase
to + 30 degrees {for Configuration TH). The pilot comments for Coafigura.
tions 7D through TH d5 show an increaaingly sluggish respones, With {an-
defcies to dig in and complaints of having to overdrive the airplane, all of
which indicate that more lead compensation is cequired, The comments do
not indicate any increased tendency to oncillate as the control system lag is
increased. In fact, thore is a gradual transition in the comments {rom
complaints of “oscillatory tendencies® for Configuration 7D to “overcontrol-
ling tendencies” for Configuration 7H. Thie may indicate that the poor
precision of control resulting from the large amount of lead required for
Configuration 7H overshadows the oscillatory tendsncies, It is difficult to
understind, however, why the overall pilot epinion suddenly changes from
satisfactory (for the base configuragion) to a pilst rating of 5.5 when a
small amount of control system lag {s added (Configuration TD), and then
remaine between & pilot rating of 5 and 6 when large amounts of lag are
added (Configurations 7E, 7G, 7H). ;

!
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In addition ¢o the comewhat peculiar pilot ratings for Conﬁg}uaﬁom
7D, 7E, 7G, and 7H, the comments and ralings for Configuration 7F s¢em
to defy explanation, except to s¢y that the two pilcts'?ﬁ%ﬁiﬁ?ﬁ'&irphne
differently. Each pilot evaluated Configuration 7¥F three times, Pilot M
complained of having to overdrive tha airplane somewhat and tendencies to
overshoot. His pilot ratings wave very consistent: 3, 4, and 4. Pilot W
complains of having to use pulse¢-like inpute and PIO tendencies during
tight tracking. His pilot ratings were alac very consistept: three s,

Pilot W does commtnt that the PIO tendencies occur when he {lies the air-
plane aggressively. This may indi¢ste that he is striving for a higher band-
width than Pilot M, bu2 why? Perhaps the axplanation of all the peculiari-
ties in Configuratione 7D through TH is related to the frequent pilot comments
that the responses for thess configurations are "peculiar” and difficult to
describe. -

! The electrical failure on Flight 1049 caused Configuration 7C to be
evaluated with stick position commands to the elevator {deeignated Config-
uration 7P). Analysis of Configuration 7P shows that the required lead
compensation has increas&d trom + 1J degrees foy 7C to + 22 degrees for
7P. In addition, the resonance iuncresses from 8 dB to + 2 dB, The com-
ments for TP show that the pilot has to "take out some of the {nitial input in
order to achieve the desired responae” and that there is an initial hesitaiion
in the response, which indicates that he iw using noticeable lead compensa.
tion. The comments for 7C, an the other hand, indicate that the initial
response {s snappy, with no indication of heving to conscioualy overdrive
the airplane. Ia additioa 75 shows some tendency to bobble in tracking,
wkils 7C doer not.

Configurations 8 (Ato 53 &= 4.8, ¥.o = 0.69, w/z - 50

The analysis predicis A resonance of ¢ dB with & small amount of
lag compensation { X, =+ 10 degrees), for the basa Configuration (8A)

Thuw, the base configuration ehouid be a good airplane. Pilot W indicates
that it {s basically a pretsy good airplang, but he complains that the initial
responee {e toe lgn\p! and the airslane is senaitive to {nadvertent amall
inpute, Pilot M corurents that the stick forces are initially very lighe,
then heavy up as the response devalops. e also complains that the air.

\ plane ls "nervous” and bobbles on target. Certainly the commants indicate
. the type of problame to be expected whan lag conipensation is needed, but
i ths complaints s¢om more devere than & pilot lug of - 10 degrese would

indicate. Much of the problem agpears to ba related to the light initial
forces per se, #a will be diacussed in mors detail in Section 7. 4. Pilot M
also points out that control in the presence of racdom disturbences is no
good, although Pilot W does not meaticn this characteriatic.

When control system iag is 2dded to the base configuration, the
analysis indicates that the closed-loop resonance remaine small (les's than
+ 1.5 dB), which ssems consistant with the comments. When moderate
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amounts of control-system lag are present (Configurations 8B and 8C), the

analysis shows that very little pilot compensation is vequired ( &, =0,

+ 14 degrees, respectively). Thus, Configurations 8B and 8C should be
good zirplanes. The comments indicate that this is the case, although there
are still minor complaints of light initial forces and bobbling tendencies.

As large amounts of control system lag are added to the base con-
figuration, the analysis predicts that the required pilot lead compensation

will become large ( ¥, = + 38 degrees for Configuration 8D, and + 70

degrees for Configuration 8E). The comments for these configurations do
indicate a definite trend toward the use of lead compensation. The com-
ments on Configuration 8E , for example, describe the response as sluggish
with 3 necessity to overdrive the airplane. There is also an indication of
overshooting tendencies and problems with precision of control, which are
normally related to the diificuylty of generating large lead compensation
accurately. However, the two pilots do not agree very well on the severity
of the probiems for Configurations 8D and 8E., Pilot M considers the prob«
lams minor, while Pilot W feels that the problems are severe enough to
make both configurations unsatisfactory. Thus, the pllote appsar to be
flying the airplane differently, e.g., Pilot M may not be keeping his baad-
width up.

Six Additional Configurations (9 te 14)

-

The aix additional short-psriod configurationa wesre evaluated
primarily by Pilot M, using stick position commands td the elevatar. The
heavily damped, low frequency short-period configurations (9, 10, and 1})
were also evaluated with stick force commanda, and neither the analysis
‘nor piiot opinion seem to indicate any significant effects of the feel system
dynamics on these configurations. It should also be mentioned that during
some of the repeat evaluations of these configurations, linfits were imposed
on the elevator-to-stick-force gearing. Howeaver, theee limite were
incovrectly set, so that the minlmum stick force per g allowed was too
large {approximately 8 1b/g). The pilot complained that the stick forces
were too high, but the high forces did not appear to have any major effect
on the overall evaluation. ' :

For the heavily damped, low frequency configurations {9, 10, 11)
at n/@ = 18.5, the analysis predicts no oecillatory tendencies and the re-
quirement for moderate to large pilot lead configuration. Configuration 9
( G =2.3 %y =21.7) 2nd 10 ( @4y 22.3, ¥, =1.2) havea
resonance of -1 dB and

5. ® ¢ 060 degrees. The pilot comments
emphasize the need to "overdrive” the airplane, with the resulting heavy
initial forces, and are therefore consistent with the predicted requirement

-)
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for pilot lead compensation. The pilots do not cornment an any oscillatory
characteristics but do complain that the airplane tends to "dig in" whea
maineuvering, which causes problems in predicting the final response. It is
apparently difficult for the pilot to accurately generate the lead compensa-

tion required for preci;e control. For Configuration 11 ( g =3.3,
I = 1.1), the analysis predicts a resonance of - 1.5dB and ¥, =

+ 45 degrees. The comments indicate that the pilot has to "overdrive" the
airplane a little to get it moving initially (lead compensation) and that he
could acquire a target quite well with no tendency to oscillate (resonance =
- lo 5 dB)o

For Configuration 12 ( a3, =10, ¥,, =0.45, »n/e =50),

the analysis predicts a + 4 dB resonance and no pilot compensation. The
pilot comments note some difficuity in acquiring a target, with 3 or 4 oscil-
lations about the target. These comments would appear to be a little more
severe than the predicted resonance would {ndicate, but the analysis does
point up some difficulty with pitch attitude tracking for this configuration,
As far as the pilot compensation is concerned, Pilot M comments that the
initial response is abrupt and that the stick forces go from light to heavy,
which indicates the use of lag compensation, However, Pilot W also eval-
uated this configuration and commented that the initial response was pretty

good. .

For Configuration 13 ( @}, =13, %, =20.3¢, »/e =50).
the analyeis predicts & + 2.0 dB resonance and the requirement for pilot
lag compensation, I, a9 - 6 degrees. According to the pilot commenta,

uniess the airplane is flown very smoathly (lag compensation), the tricking
cagability is not good. For the tight control required during VFR tracking,
the pilot notes that it is a diffevent airplane -~ you just can't track at all,
The pilot also notes a high frequency bobble around the target which can
eventually be elimirated. The bobbling tendency appears to be related to
cemments about the airplane being "nervous™ and abrupt. These latter
characteristics will be discussed further in Section 7.4,

The analysis predicts a resonance of ¢ | dB and the requirements
for pilot lag compensation, $pe © - 10 degrees, for Configuration 14
( @y =15.6, 5, =20.23, n/a =50). The commenta give no clear

indication of the pilot compensation used, which probably means that the
¢ompensaton is slight, However, the comments do indicate difficulties in
acquiring a target and oscillations about the target, which are not consistent
with the predicted rescnance. This can be partially explained by referring
ta the Bode plots 2ad time histories which accompany the pilot comments

for Configuration 14 in Appendix I. The closed-loop Bode plot ( [6/6,] )
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shows a second resonance at high frequencies, which is poorly damped.
The residue of this additional low-damped mode is large enough that it

. appears in the closed-loop time history of pitch attitude to a step attitude

command. The high frequency resonanca is attributable to the high ¢,
and low %, , which cause the open-loop Bode amplitude ( [0/6s/ )
to still be large on the second pass (at high frequencies) of the amplitude-

phase curve across the Nichols chart (Figure 42). Other aspects of the
oscillatory tendencies will be discussed in Section 7.4.

In all these high frequency Configurations (12, 13, 14) therc is

evidence from the comments that the reaponse to external distarbances is
a problem and, no doubt, is a factor in the pilot rating.

7.3 Summary of Correlation with Pilot Comments

Based.on the detailed study of the pilot comments presented in
Section 7.2, it is seen that the trends in the pilot comments, for various
combinations of short-period and control-system dynamics, can be nicely

explained in terms of the parametars ¥, and lo/‘él max' Of course,
there are aspects of the comments for individual configurations which are
not completely explained, but it must be remembered that the purpose of
the analysis {8 to explain the causes of the more important piloting dif-

ficulties, not to show exactly how the pilot flies the airplane. With these
idese in mind, the {ollowing summary is presented of the pilot comments

associated with various combinations of ¥ and /9/45/ max’

_¥pe= 0 (nopilot compensation)

i IO/ocl max 18 9mall (e.g., leas than ¢ ¢ dB), a configuration

with emall &, is normaily a good airplane. The pilat describes itas a

responsive ajrplane, which makes it easy to acquire and track a target.
Pilots seem to prefer an airplane which requires a small amount of lead
compensation {0 one which requires a small amount of lag compensation.
In other words, he prefers to overdrive the airplane somewhat than to fly
the airplane smoothly. As the size of the resonance incresses, the pilot
first complains of overshoots, than tendencies to oscillate, and finally,
strong PIO tendescies.

¥ pe Positive ( pilot lead compensation)

As previously mentioned, small amounte of lead compensation
appear to be no problem for the pilot to generate. When 34 is large
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(and positive), however, the pilot complains that the response is sluggish,
which causes him to "overdrive" the airplane or use "pulse-like" inputs.
Because he has to overdrive the airplane, the stick forces appear very
heavy initially and ‘ken lighten up as the response develops. If the closed-

. loop resonance is small, the pilot will not mention any tendencies to oscil-
late, but will complain of tendencies to overcontrol and "dig in". The
overcontrolling tendencies apparently result from the difficulty of gener-
ating large values of lead accurately, so that the pilot has difficulty in pre-
dicting or anticipating where the nose will end up. These tendencies are
particularly bothdrsome to the pilot when making large attitude changes or
attempting large pullup maneuvers, because of the unexpectedly large g
levels which occur. The term " diggiug in" is descriptive of the unantici-
pated amounts of g obtained.

As the resonance increases (with X ,, large), the cofnplaintl of

overcontrolling tendencies are gradually replaced with tendencies to oscil-
late, and eventually, with comments cn strong PIO tendencies.

‘ ¥ ¢ Negative { pilot lag compensation)

Unfortunately, no configurations were evaluated in this program
—— .= which required large amounts of pilot lag compensation. However, the

values of &, and control-system lead which caused pilot lag compensation
to be needed were fairly extreme values, so that perhaps practical airplanes

are unlikely to require more than moderate amounts ot pilot lag.

When pilot lag compensation is required, the pilot comments that
the initial response is abrupt, which forces him to fly the airplane smoothly.
Because he has to fly it smoothly, the stick forces appear very light ini-
tially and then heavy up as the response develops. Even if the closed-loop
resonance predicted by the analyais is small, there will quite often he

/complaints of oscillations or "bobbles" on target. This is largely due to
the difficulty cf consistently applying smooth inputs, in the context of the
fighter mission. As shown in Figure 39, the closed-loop resonance can
become quite large if the lag compensation is reduced slightly (the pilot
- forgets to smooth his inputs).

\

There are other factors which can contribute to bobbling tendencies.
For example, the discussion of Configuration 14 in Section 7.2 (Figure 42),
shows that a high frequency resonance can be present, In addition, the
large initial abruptness or sensitivit '}r in tueu’. can cause inadvertant stick
inputs which make the airplane feel "nervous®. These latter effects will be
discussed in Section 7.4.

As the size of the closed-loop resonance increases, of course, the
puots begin to complain of increasing tendencies to oscillece and PIQ. In
addition, all the problems associated with configurations requiring pilot
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lag compensation can be aggravated by the presence of external disturbances,
such as turbulence. .

Figure 43 presents the above pilot comment summ3ary in 2 more

compact form. The effects of pilot gain, which have not been discussed in
detail, will be explained in Section 7.4.

PIO Tendencies

!

It is interesting to note that for the reasonably large ranges of
' akp and ’/1;1 evaluated in the present experiment, both the analysis
ard the pilot comments clearly indicate the lack of any strong PIO tenden-
cies when 3” is g ~od and the control-system dynamics are negligible.

The reaaon for this is that some form of the pilot's compensation can be
found which allows the performance standards to be met with very slight
closed-joop resonance. The flying qualities may be degraded because of

the extreme values of ¥ e * but not because of strong PIO tendencies.

When X£,, is reduced, the PIO tendencies rapidly increase, as
the pilot comments for Configurations 4A and 5A clearly show. . The in-
‘crease in PIO tendencies with decreased 5‘” is less pronounced when

W,y is high, as can be seen from the comments for Configurations 12,
13, and 14. The results also indicate some PIO tendencies when extreme

values of control-systam lead are combined with low @gp (Configurations

1A and 6A), and when low-{requency, second-order coatrol-system mades

are present (Configurations 28, 2G, 2I). The most serious P1O's which
occurred during the present experimeni, however, are atiributable to the

addition of large amounts of control system lag ( 7, ) to configurations
with low &)yp or low %, (Configurations IF, 1G, 4B to 4E, 5B to 3E,
6E, and 6F). .

B s i

7.4 Effects of Pilot Gain and Control Sensitivity

Aw can be seen from the pllot comments of Appendix I, the pilots
often comment that the selection of elevator gearing is a compromise
- batween the initial stick fovces (i.e., the forces required to initiate a
maneuver) and the steady forces (i.e.,Fg /7 ). As explained in Section

6.9, the pilot gain at & = (BW) ., is a logical parameter to describe
the initial forces:
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The values of Kgy (ax;‘d K’) for each configuration evaluated in
this experiment are shown with the pilot comments in AppendixI. To
determine these parameters, values of k’,y and K’ were first calculated }
for each configuration by the methods described in Section 6.9, using 6/4 i
Bode characteristics based on a vaius of Fg// equalto 5 Ib/g (K, =573
- sin e N T2

from Appendix IV). The total loop gain, ¥ = k), Ky . was then computed.

To hold the closed-loop characteristics fixed for a given configuration as
the pilot changes the elevator-to-stick-force gearing, he must adjust his

gain to keep K, constant (in addition to holding his compensation fixed).
Therefare, Kﬂ (and . Ky ) are inversely proportional to .k, . and directly
_proportionai tc Fg /¥ . Thus, the values of l:” and Kp shown in

Apécnd.h: I were computed from the Fg /7 s 5 values for the couﬁguraiion
and the actual Fg /¥ selected, as follows:

Kew * ’fz‘?"(‘u)to

4 LA

) .
In addition to the'valuss shown in Appendix I, nominal values of

£,y (based on the average ng for each flight condition) are shown in
Table [II. Because K~ ie ctly proportional to Fg /# . the value of
Lyy shown in Appendix [ for any given flight is related to the value shown
for that configuration in Tablelll, as follows:

/ V., e
(R :) (;_;m <’ ft © 350 KT

byw
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To obtain a feeling for the range of sati\factory values of KBW'
the pilot corr/menta were again examined. Unfortunately. since the indepen-
dent variation of elevator-to-stick-force gearing was not part of the present
experiment, it is not possible to clearly separate the effects of KBW’ per
se, from the efiects of pilot compensation ( X.pc }. The reason for this
is that the largest values of KBW are usually associated with large amounts

of lead compensation, so that it is difficult to tell whether the pilot is com-
plaining about the heavy initial forces alone (due to large KBW) or the fact

that the forces go from heavy to light as the response develops (due to
large. positive ¥, ). Conversely, the smallest values of Kpy 2re

usually associated with lag compensation, so that it is difficult to separate
the pilot comments related to light initial forces alone (due to low KBW)

and those resulting-from the forces going from light to heavy ( ¥, neg-
ative).

By examining the pilot comment data for small values of &,
{~ 5 to + Z37degrees), it would appear that KBW' per ae, did not have an

important effect on the configurations evaluated in this experiment.
However, the pilot does begin to comment on the light initial forces when
KBW becomes approximately 1,0 lb/deg. For values of KBW as high as

2,5 lb/deg, the pilot is still describing the stick forces as comfortable,

For a number of configurations, notably 3A, 3B, 8A, 8B, 13, and
14, the pilot comments indicate tendencies to oscillate or bobble on target

which are more severe than the analysis predicte{ [6/0, | max 1e9%

than ¢ 2 dB). In addition, the pilots feel cartain that the Ire?uency of the
bobble is two or three timee that of the larger-amplitude PIO's commonly
observed. These comments are uauslly accompanied by complaints of
sensitivity to inadvertent control inputs. One possible explanation of the
babbling tendencies is that the high pitch-acceleration sensitivity of these
configurations is causing high-frequency inadvertent inputs. If this control
senaitivity is defined in terms of the peak Bode amplitude 'y/ 5' max’ it
can be computed from the 8/F, Bode plots of Appendix I for each config-

uration, using the following expression:

é 6
£l < o 1
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The values of - ll/ F‘/ !or each configuration are shown in Table 1II,

based cn an average value of Fg /# for each flight condition. It cdn be

seen that the control sensitivities for the above mentioned six configura-

2
tions are-all greater than 0.5 -r-’-‘ll‘-{'i .

.\.‘ Whatever the exact cause of the bobbling tendencies and unoittiv-
ity to unwanted inputs, values of / /7| max STeater than 0.5 rad/sec

seem to contribute to it. Of the cbnﬁguuﬁonl having control sensitivities
gredter than 0.5, the pilot comments indicate that roughly half (3A, 3B,
8A, VB. 13 and 14) were downrated somewhat because of this tendency.

‘ It i‘l interesting to note that Configurations 8A, 8B, !3 and 14 all
. have * high frequency "bump' in the closed-loop Bode /0 /8@, / plots shown

in Appendix I, indicating a high {requency resonance. The cause of this bump
is illustrated in Figure 42 for Configuration 14. For Configuration 14, of
coursq, the bump is large enough to appear as a bobble in the computed
closediloop time history (also shown in Appendix I). The bumps for the
other three configurations are not large enough to appear in the computed
time histories, The discrete-error tracking records for all four configura-
tions, however, often show bursts of low-amplitude, high-frequency oscillations
riding 9n the pitch attituds traces, which is consistent with the pilot
complaints of bobbdbling tendencies. The frequency of these observed bobbles P
is closd to the frequency of the bump in the Bode plot for each configuration.
Thus; i{ would appear that high coatrol sensitivity somehow causes an

\ increasq in high-frequency pilot gain, which increases the size of the bump
over thal predicted by the present analysia.

7.5 \Cornhticm with Pilot Ratings

A . ¥
l‘rhe discussion of the pilot comments in Section 7. 2 has shown
that the two most important factors in determining.the pilat rating of a
\coaﬁgurauon are: the cecillatory tendencice occm-ring during attitude

tucking.l represented by | 0/031 , and the amount of pilot compensa-
‘ \

tion required to achieve the desired standard of tracking performance, ¥, .
Thin section will discuss the correlation of these two pararneters with the
pilog ra data,

he pilot rating data of Pilot M and Pilot W for the basic FCS/
short-period configurations (1A to 8E) are presented in Figures 44 and
45, | These plots of pilot rating against ,0/.0 I and &4, contain

o
{ |
' |
i
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Cew

ail the evaluations performed in this part of the experiment, except for the
7 evaluations not used in the data analysis for reasons noted in Appendix I.
The closed-loop parameters for the configurations evaluated at high speed

( #/q@ = 50) are based on (BW)min = 3.5 rad/sec, while those for the low-

speed configurations { #/a& = 18.5) are based on (BW) .. =3.0 rad/sec
(see Section 7.1).  For convenience, Figure 46 shows the configuration
numbers for each closed-loop-analysis data point.

Note that pilot 1~ad compensation was scmewhat arbitrarily limited
to ¥, =+ 80 degrees for the analysis because values greater than + 80

degrees do not significantly imp the closed-loop performance, This
restriction on 4 ,, reduced the BW achieved for Configurations 1G and .
6F, and reduced the low-frequency droop for Configurations IF, 1G, 6F,
and 7H.

Also note that the top of the [0/0,/ max 3¢ale in the figures shows a
discontinuity between + 12 dB and o . Reference to a Nichols chart (e.g.,

Figure 20) shows that any value of /Olac[ max Breater than + 12 dB i»

very close to being unstable’and is difficult to measure. Therefore, the
data points in the figures were distributed between + 12 dB and o

on the basis of open-loop gain margin, Figure 20 shows that /O/OQ,/ max
= @ corresponds to a gain margin of 0 ([6/0.] =0) and [0/0:| . =

+ 12 dB roughly corresponds to & gain margin of 2 dB ( [9/8e| = - 2 aB).

¢

The 3.5 and 6.5 pilot rating boundaries shown on Figures 44 and 45
are based primarily on the ratings of both pilots, although additional factors
were considered. In determining the boundaries, for example, more weight
was given to those configurations which were evaluated several times and
received consistent pilot ratings and comments. Those configurations with
additional problems. such as high control sensitivity (flagged symbols), or
those rated by only one pilot and seemingly inconsistent relative to the
other configurations within the same short-periocd group, were given less

‘weight. Note that the flagged configurations (3A, 3B, 8A. 8B) [¥/g| . >

2 .
0.5 -f-'-%iﬂ:-—(rabie III) and the pilot comments indicate that major

9
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comglainu about the configuration appear to be related to the high pitch
.senntivity (see Section 7.4). The pilot rating data separates quite nicely
_into 3 regions, consistent with the pilot vrating boundaries shown, and there-

fore correlates with the closed-loop parameters, /9/ 6. / max and Lo

Considering the large variety of configurations represented on these figures,
and the potential sensitivity of the data points to the manner in which-the
pilot performs the required fighter tasks, the ccrrelation of pilot ratings
with the closed-loop parameters is considered good.

There are some data points which violate the pilot rafing boynd-
aries; but in most cases, the ratings of the other pilot tend to offset any
discrepancy with the boundary. For Configuration 7F, with a resonance of

+ 4dB and l.pe = 57 degrees, Pilot W gave a rating of 7 on three separate

evaluations, whiie Pilot M rated it a 3, 4, and 4 on three evaluations.
Based on the ratings of both pilots, the location of the data. point relative to
the boundaries appears reasonable, More discussion of this particular
configuration can be found in Section 7.2, Another example of inter-pilot
rating differences which are difficult to interpret is Configuration 8E

( -0.5dB and + 70 deg). Pilot W gave a PR = 5 which agrees well with
the pilot rating boundary. However, Pilot M rated the configuration a 2.5
and 3. Configuration 7D ( + 1.5 dB, + 23 deg), which Pilot M rated 5.5,
clearly violates the 3.5 boundary. In this instance, the pilot rating seems
a bit severe relative to thc ratings for Configurations 7C and 7E, as men-
tioned in the discussicn of the pilot comments (Section 7.2).

. Aside from these specific observations, comparison of Figures
44 and 45 indicates that Pilot M averages about ! rating unit better than
Pilot W when ¥, is large and positive. In addition, Pilot M rates con-
figurations with negative ¥ go about ) rating worse than Pilot W. Thus,
it would appear that Pilot W has a slight preicrence for more responsive
airplanes than Pilot M.

The pilot rating data for the six additicnal configurations are pre-
sented in Figure 47 and compared with the closed-loop piiot rating bound- .
aries established in Figures 44 and 45. The three low &, , high 5‘3’,
configurations (9, 10. 11) correlate well with the 3.5 boundary. However,
of the three high &3, . low ¥, configurations {12, 13, 14), only Con-

figuration 12 ( + 4 dB, 0 deg) correlates with the boundaries. The other
two configurations (13 and 14) clearly violate the 3.5 boundary. Thesg
configurations are {lagged since the values of control sensitivity are very
high ( Table II} and major complaints in the pilot comments appear to be
related to the high pitch sensitivity (see Section 7. 4).
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In summary, the correlation between the pilot rating data and the
closed-loop analysis parameters is generally good. Sections 7.6 and 7.7
will compare the pilot rating houndaries established using the closed-loop
analysis with the results of two somewhat similar fighter controlesystem
experiments.

7.6 Application to Data From Special T-33 Flights

. The data used to draft the short-period requirements for MIL-.F-
8785B (Relerence l2)wereobtained using various types of airplanes, having
various types of control-system dynamics. To better understand the influ-
ence of the control-system dynamics on ths short-period data, two special
flights were piggybacked on the T-33 experiment of Peference 8. It is
interesting to see how the results of the six configurations evaluated on
these flights compare with the present analysis,

The pitch attitude responsa to pilot inputs for the six configurations
can be represented in the following form:

SIMULATEO FEEL SMULATED AIRPLANE PLUS FCS

SYSTEM
@ / . e
f 082 LA 8 (Tas+1)

i)

s‘ 2(.@6 * 3,0-2—(2-— L ] -—-s—l-\o.__._.xg” 'y OEG
R A s I R G )

The following parameters were held fixed for all aix configurations.

Ve <S50fr/mec. a4, *5.5 rad/eec
n/@ 2 2¥girad M 30,6 -
- f/?'.‘, = 1.3 sec”! K/m 25 /g .

Various combinations of &%, . ¥f, , and @), were then nvaluated by
‘\ilct S of Reference 8. The evalustion tasks perforimed were those of
Reference 8, which are quite similar to those used in the present experi-
ment. ‘ .

The present analyeis was applied to the six configurations, using
(BW)mm equal to 3 rad/sec. The flight condition for these configurations

is similar to the £50 knot condition in the present experiment, with similar

limitations on the maximum g available for maneuvering. The results of

the analysis and the pilot ratings for each configuration are presented below.
»
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Flt. No. | &% | 9% | | PR |PIOR| ¥ (0/6)
950 41 16.3] o 7-1 4 +30° | +9.5dB
5 7 3 +50° | >12dB.
) 7.5 4 +68° | >124B
951 25 | 63| oo 1 -4° | +4 dB
5 4 1 +26°| +5 dB
2 5 | 2 +55° | +5 dB

s

Figure 48 shows that the data agree quite weil with the boundaries on ¥,

and ZQ/& ,! established using the results of the present experiment.

7.7 Application to the HOS Data

© e e,

For a comparison of the {lying qualities data from different exper-
irnents to be meaningful, the tasks performed, as well as the performance
standards used by the pilots, must be similar. It is a well known fact of
life in flying qualities work that very different pilot ratings and comments
can result from two pilots flying the same task with different performance
standards. The discusaion in Section 7.1, for example, shows the effects .
of flying the same configuration with different values of BW, the perfor-’
mance msaasure used ia the closed-loop analysis. Before proceeding with
the application of the analysis to the results of the HOS program (Reference
6), therefore, some of the differences between that experiment and the pre-
sent one will bs discussed.

‘The fighter evaluations in the HOS program were performed at a
flight condition which is very similar to the low-speed flight condition in
i

this experiment {for the HOS program, w/ar = 22 g/rad, f/’l‘,‘ = 1,25 sec™ ",

and V= 565 ft/sec). The fighter evaluation tasks performed in the HOS
program are, in general, ‘similar to those performed in this program.
There are, however, some indications that high-load-factor maneuvers were

not ctressed to the same oxtent as they were in the present experiment.

' For oxample, the levels of Fg /# given to the pilot were higher in the HOS

progvam. Excluding those cases whers ¥g/» was intentionally increased,

the average Fgy/2n values used wers 8 to 13 1b/g, depending on the pilot
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- ané the particular configuration. This contrasts with an average &/n
selacted by the pilots in this experiment of 6 ib/g. Perbaps more important

than the differance between the average Fq /# values is the fact that pilot

ratings better than 6.5 could be obtained for values as high as 17 lb/g; in
fact, one configuration was considered satisfactory (PR < 3.5) with 17 lb/g.

Such high values of % /# are not compatihle with good overall fighter

maneuverability. These observations tend to indicate that the pilots flew the
tasks less aggressivaly than in the present experiment, Further weight is
given to this assumption by the fact that there were very few satisfactory
airpisnes evaluated in the HOS program. In fact, 60% of the evaluations
were rated worse than 6.5. Because of this, the pilots may have become
accustomed to not flying the airplane aggressively. In addition, the eval-
uations were all performed at one flight condition and the pilots did not have
the benefit of flying at higher speeds where the T-33 buffet boundary does
not restrict maneuverability. In the present experiment, the evaluations at
350 knots served as a constant reminder to the pilots of the desired perfor-
mance standards for the fighter task.

[y

In the present experiment, a (Bw,min of 3 rad/sec was used in

the closed-loop analyeis for the low-speed flight-condition data, in recog-
rition of the limitations imposed on the low-speed evaluations by the T-33
buffet boundary (see Section 7.1). For the HOS program, however, a
(Bmm of 3 rad/sec resulted in values of ,‘V‘a mui which were

larger than the pilot comments on PIO tendencies indicated. Values of 2.5
and 2.0 rad/sec were also tried. The value of 2,5 rad/sec produced the beat
correlation with the pilot comments, and was theref{ore selected as the
appropriate value for the HOS sxperiment. Use of this lower performance
standard is {ait to be justified in light of the above avidence that the pilots
flew the tasks less aggressively than in the present experiment.

The portion of the HOS program related to the "combat® phase
of a fighter's mission looked at the effacts of adding a variety of higher«
order lag dynamice to three combinations of @3, aud ¥, . To retaina
reasonable basis for comparison with the results of the present experiment,
only thoee evaluations having Fg /# valuss consistent with good overall
maneuverability ware analysed. The basin for determining ressonable ™ -
valuss of Fg /4 wae MIL-F-6785B. Thus for configurations with PR <3.5,
only the svaluations with Fg /# < 10 Ib/g ave used, #nd for those configura-
tions with a PR betwean 3.5 and 6.5, only the avaluations with Fg /# <16 1b/g
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are used. The table on the following page summarizes the HOS data selected
in this way and lists the closed-loop parameters calculated for each config-
uration, Figure 49 shows the HOS data compared with the boundaries
determined for the preunt expériment. _

The correlation of the rating data with the boundarzea is certainly
not perfect but, considering all the factors involved, it seems reasonable.
The fact that the majority of the configurations evaluated in the HOS pro-
gram had very poor dynamic characteristics no doubt made it difficult for
the pilots to establish a consistent performance standard, which possibly
accounts for some of the scatter in the data.

Considering the analyaiu\ of the HOS data as a whole, there is an
interesting observation which shouid be made. Referring to the table of
HOS data, it can be seen that there is a general trend for a given set of con-
trol=system~lag dynamics to degrade configurations with medium: @,, mure

than configurations with low &, . For example, Configuration~A(F)-5(2.5)
( Wsp = 2.7) has pilot ratings oi 5 and 4, while Configuration C(F)s5 (2.5)
(same control system dynamics, but wgpe = 5.1) has ratings of 8, 9, 7, 8
and the comments indicate severe PIO problems. The analysis shows

| o/a,}max = + 8 dB [or the A configuration and ¢ 11.5 dB for C, which are

consistent with the ratings.

The reverse trend is apparent ifor the present experiment, i.e.,

a given first-order controlsystem lag is more degrading for low Wy,
than for medium & . For example, Configuration IF ( @, =2.2
rad/sec) has pilot ratings of 8 and 8 and the comments indicate severe
PIO problems, while Configuration 2H (same control system dynamics, but

ay, = 4.9} has ratings of 5, 6, 5.5. The analysis shows f"‘c[ max>
+ 12 dB for Configuration !F and only + 3 dB for Configuration 2H, which
are consistent with the ratings. Thus, it can be seen that a very fundamen-
tal difierence between the HOS resuits and those of the present experiment
is accounted for by the analysis.
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Config. PR ¥pe |o/ec ],
. Number Pilot B/Pilot H (deg) (dB)
A(F)-2(10) 4/2,1.5,4 +29 T 43
A(F)-2(2.5) 3/ 3.5 +34 +5
A(F)-2(1) 7.6/ 7.5,7, 4.5 +.45 > 12
A(F)-4(2.5) 4,476 +42 +8
A(F)-5(2.5) 5/4 +45 +8
A(F}-5(1) 9/ 10 + 60 (-
A(M)-2(10) 5/ 2.5,3.5 + 37 +6
A(M)-2{2.5) 5/ 6. + 42 +8
A(M)-4(2. 5) 4/ - + 47 +12
A(S)-2(10) 5/ 4 + 45 +9
A(S)-2(2.5) 7/ 7.5,6.5, 10 + 47 >12
A(S)-4(2.5) -/8.5 +50 > 12
B(F)-2(2.5) 5/ - -6 > 12
B(F)-2(1) 8/1 0% (2.3)
B(F)-4(2.5) 6/6 -6 ®(2.4)
B(F)-5(2.5) 7/ 1.5 -8 {2.3)
B(F)-5(1) -/ 10 + 228 (2. 2)
B(S)-2(10) -8 -6 -o0(2.3)
C(F)-2(10) 4,2/ 4 4.5 - 17 +4
C(F)-2{1) IR RTA +£9 +10.5
C(F)-4(2.5) 1.1 1.5 0 >12
C{F)-5(2.5) 8/ 9,8 +9 +11.5
C(F)-5(1) 10/ 10 + 37 > 12
CIM)-2(10) -11 ' -10 +8
C($)-2(10) v v 1/ 1 +8 ST

¢ For these configurations, a (BW) . = 2.% rad/sec could not be
achieved without driving the airplane unstable. The pilot
compensation used is that which produdes the largest BW for
| 9/‘.[ max * os , and the BW achieved is shown in brackets.
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SECTION VIl

§ PROPOSED DESIGN CRITERIA

As shown in Section VII, the pilot-in-the-loop analysis technique.
developed in this report can be used to explain, in considerable detail, the
flying-qualities problems associated with a wide variety of short-period and
control.system dynamics. The purpose of this zection is to summarize the
analysis techniques in a form useful for design purposes, and to present a
simplified versinn of the criterion which will b2 useful in the initial stages
of » FCS/airframe design.

8.1 Criterion for Fighter Maneuverin mics

The acceptability of an airplane's maneuvering dynamics to perform
a given job can bae statad in terms of the pilot comnpensation required to
achieve some minimum "standard of performance" with the least possible
tendency to oscillate or PIO. The standard of performance is dictated pri-
- marily by the mission requirements. For thé combat phase of a fighter's
mission, precise control of pitch attitude ‘s a fundamental and critical task. ,
Coatrol of pitch attitude-can be crudely racdelled in the following way:

: AIRFRAME
nLoT PUS FCS
- ‘ ]

Using this model, the following terms are defined: . :

Bandwidth (BW): Bandwidth is defined as the frequency for
which the closed-loop Bode phase, 3'(0/8,) , ie equal

to 90 degraes. It is a measure of how quickly the pilot
can move the airplane's nose toward the target. -

Droop: . Droop is defined as the maximum excursion of
closed-loop Bode amplitude, '9/%' , -below the 0 dB.
line for (uqunnc'iu less than BW. In e abaence of large
oscillations, droop is & measurs of how slowly the nose
settles down on target. -

Standard of Performance; A minimum bandwidth, {BW) __ ,
of 3.5 rad/eec, and a maximum droop of 3 dB;

s {Olpc) greater than (-90) degree
for w less
and [a/ocl greatar than (-3) dB than 3.5
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PLO Tendenoy: IThe tendency to osaillate or PIO o~
T deTined in terms of the Bode magnitude of any <losdd-loop

max " that results from the pilot's

efforts to achieve the performance standards.

resonant pedk, ] 8,

Pilot Compensation; The pilot's physical and mental workload
required to achieve the standard of performance is defined

in terms of the phase of his compensation at @ = (BW)mm

.

jw Ty * 1
¥pe * ¥ {i——,;z":-—’*)
Jw tp, ws (8W),,.

Thus, by analogy to the way in which the pilot controls pitch attitude,
the designer's job in analyzing a given configuration is to select values
of L" , TP, , and ’l;,‘
a minimum bandwidth of 3.5 rad/sec and a maximum droop of 3 dB. The

which will minimize ’9/9,:) max’ while maintaining

values of *P" and }9/9¢_} x determined in this way can then be com-

pared agamst the boundaries of Fxgure 50 to determine the acceptability of
the airplane's maneuvering characteristics.

The details of how "‘pc and JG/%’ max <30 be determined for a

given configuration are explained in Sections 6.5 through 6.8, and are sum-
marized below.

{1) Obtain the Bode amplitude and phase characteristics of the
airplane's pitch-attitude response to stick-force inputs

(including the effects of the FCS), ;.%‘zl-a)yl nd ¥ % .

These characteristics can be obtained from computed .ﬁ..

transfer functions or from in-flight frequency relpomen
(see Saction 8.4). The frequency range of interest is from
about 0.5 rad/sec to at least 10 rad/sec.

{2} Obtain the complete open-loop Bode amplitude and phase
characteristics for the airplane and pilot delay at some
nominal K, (say 1.0}

L) o™ ]

O A

This can be Accomptuhad by simply adding the 0.3 sec time
delay to ¥ 9/F :

12
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TR % LR I ARV 1 {deg)
tre , (dB)

. - . 2
() Plot {%e, i “versas g B¢, ) and overlay the re-

sulting curve on a Nichols chart, positioning the curve
vertically so that the performance standards are just
barely met (see Figure51).

@ 1 |9/,

requi red (lead compensation is needed for the example shown
in Figure 51). The compensation can be determined by adding
the amplitude and phase of Figure 52 to the uncompensated

max is greater than 0 dB, pilot compensation is

amplitude-phase curve, for several trial values of T’

P,
or T”x /Z‘,' . The value of Z'p' or 2;,‘ /7"1 ‘resulting
in the smallest value of |9/9c max will be that which

causes the bandwidth to exactly equal 3.5 rad/sec and the
maximum droop to exactly equal -3 dB, as shown in Figure 51.

{5) IO/Ggl max €30 then be obtained from Figuie 51 and ‘pc.

can be read directly from Figure 52 (for & = 3.5 and the
particular value of TP; or Tp, /Tﬂ used).

8.2 Simplified Criterion.

The design criterion discussed above scems to satisfy all the re-
Quirements mentioned in Section I. It relates directly to the pilot's dif.
ficulties in performing the mission, it is applicable to airplanes having
complex FCS dynamics, and is not dependent on how the control system is
mechanized, However, it would be desirable to have a "quicky" method
for making initial design estimates. Referring to Figure 51, {t can be seen
that the amount of compensation that the pilot will apply is related to the

open-loop phase of the uncompensated pilot plus airplane, at w = (BW)m.m .

This phase angle., which is the phase of the airplane plua pilot delay, is
defined as follows:

. ‘g . +0 8
¥ 0 ¥ Fre ) o weqaw,, (ded)

It can also be seen from these figures that the siope of the compensated
amplitude-phase curve in the vicinity of @ = (Bw)min is a cru'c"!e meéasure

of how large the closcd-loop resonance will be; a large positive slope will

li4
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produce no resonance, and a sma!l or negative slope 1s likely to produce a
large resonance. Notice that the slope of the compensated curve 1s related
to the slope of the uncompensated curve at @ = (BW)mm and to the amount

of compensation needed. That is, lag compensation wili tend to make the
slope become more positive and lead compensation will tend to make the
slope become slightly less positive. The slope of the uncompensated curve
is defined as follows:

ds ) a|Fe Rachd
Lrled (¥ e02) at @ = (BW)n (dB/deg)
r .

.

Thus, it would appear that the pilot compensation required and the closed-
loop resonance are determined, in a crude sense, by the parameters ¥,

‘nd (d'“/dl)a.d .

These two open-loop parameters can bs easily determined by making
three measurements from the e'/f; Bode plots at @ = (Bw)min :

d le/ﬁl/ d(logw}  (in dB/decade), 4 (3 %)/ d (lqw) (in deg/decade), and

+ Q/FS (in degrees). The relationships between these three measure-
' ments and &,y and (48/8 %),  can be derived as follows:

ITY
kY ah

¥ (e haw,, * T11.2 8w, degnas

4, " {x. 'ﬁ%)(m,,. -2 [3#)_,,] , Oegrees

[@r/d¥),

s -89.6 (8W), . |, deq/dscase
ditn &) (),

3 43w ry
{¢ I v )\ . [(i 3 r,)) T (M“,.] deajdecede
d{iog @) jt‘q‘. d(leg o) (6¥)ara
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. [ [“ ! e |/a(log “’)](sw) ] , d8/deq
[a (v D)/ attog o, - 396 (80,

Using the above sxpressions, the parameters ¥,, and (d“/'d‘)ad

were computed {rom Bode plots for each FCS/short-period configuration
evaluated in the present program. The pilot ratings acsociated with each

combination of ¥, and (d“/“\ed are shown in Figures 53 and 54, As
with the more general criterion, it was necesssry to use (BW)min of 3.5

rad/sec for the agh-speed “ata and 3.0 rad/sec {or the low-speed daia.

Boundareics wers drawn on the piots, which separate the data very mcely
into three bands of pilot ratings. These boundaries form a simple design
criterion, In applying the criterion, it i3 recommended that {BW)

3.5 rad/sec be used: : .

£ .
at = % ’»)mvﬂ s

Ns) ‘ [ /40qu ]

Tl [d(x /df'oqwﬂw 5= 199

To illustrate the compuintions involved, consm&er Configuration 6C {rom the

present experiment. From the open-loop 8/F, Bod# characteristics given
in Agpendix 1, the following rmeasurements can be made

)
min

.fﬁ!u v 28 3B/datsde

S @I,y g
["’5' M3, . -135 deq/decsde
allog@) ), o

* (%‘)m. a1 deyg
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Thus.

(ﬂ) : 28 .8, s 48 deg
a3 lug 13§ - 139 -2y

Baq° <130 - 60 * ~190 deg

It should be mentiored that the simplified criterion does not take
into account as many details of the airplane's 8 /F; dynamics as the more
complete criterion. For this reason, the simplified criterion is probably
not as generally applicable, Nevertheless, Figures 53 and 54 do show what
characteristics a good airplane should have: ¥,y * . 120deg( ¥ 6 /F »

- 60 degat = 3.5 rad/sec), plus a high positive value of (d4/ds), -

8,3 Additional Considerations

Although the criteria discussed in Sections 8.1 and 8,2 adequately
describe the more important aspects of fighter longitudinal flying qualities
(for the "combat" flight phase), there are some other factors which must

be considered separately. .

For example, the elevator-to-stick-force gearing must be selected
to provide good values of Fg/n without causing difficultieas due to tracking
forces or control sensitivity. The appropriate values of F, /2 for a fighter
are adequately set by the high n/«¢ requirements of MIL-F-8785B8
(Reference 12). For high n/a , the requirements show a range of 3.5to
9.3 Ib/g for satisfactory values of F4/# (based on a limit load factor of

7.0g).

Control sensitivity, ’5/?" max ¢ S0 cause difficulties if it becomes
too large, as explained in Section 7.4. Although not well documanted, values

of sensitivity greater than 0,5 rad/sec®  are likely to cause problems.
3

It should be note-& that for an airplane with &, > '/‘Z‘ , good 5;, .

a linear control saystem. and negligible control system dynamics, sensitivity
is related to F¢ /# in the following way (as shown in Appendix [V);

o
Alme (@3

As sleo explained in Section 7. 4, KBW ¢an become a problem.
However, because the effects of Kpy 3re so closely related to the effects
of ¥4 , the present experiment gives little guidance in establishing limits

on KBW‘ o
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Another factor which is not handled by the criteria is the airplane's
response to atmospheric turbulence. Since turbulence is a complex subject
in itself, its effects were not treated in detail in this experiment. The sub-
ject is only mentioned to remind the designer that there are many ways to
achieve the desired 9/F; dynamics (prefilters, feedback loops, compen-
sation networks, etc), and a particular design which has good 6/F; char-
acteristics will not necessarily result in good respoase to turbulence. For
example, use of a first-order prefilter lag will often improve the 6/F;
characteristics of an airplane having high @;, , but will not affect the
airplane's abrupt pitching response to vertical gusts,

8.4 FliLht Test Measurements

It is evident that the usefulness of the criteria discuszed in Sections

8.1 and 8.2 is dependent on the availability of 6 /F, Bode characteristics
for the airplane being considered. Since the criteria are primarily intended
for design purposes, these characteristics can easily be comptted from the

©/Fs transfer function, which can be derived by combining the airframe
characteristics (Appendix IV ) with the FCS dynamics. For flight test
purposes, generation of the Bode characteristics is a bit more complicated,
but can be accomplished.

The most straightforward way to obtain in-flight frequency-response
data is to have the pilot pump the stick at various frequencies, while re-
cording stick force and pitch attitude (or pitch rate). One technique for
accomplishing this is described in Reference 21.

For fly-by-wire control systemas, i.e., systems with no direct
mechanical link between the stick and the elevator, the frequency responses
can be obtained by feeding an oacillating electrical aignal into the control
system at the stick-force transducer. This technique was applied several
times during the present program with good results., The technique was
not used as the primary method for identifying the dynamic characteristics
evaluated in this program, because the particular mechanization of the
dynamics in the T-33 made it easier to use & combination of ground and in-
flight measurements (see Appendix V),

Whatever in-flight methods are used to generate frequency-response
data, there .s one essential element in the data reduction techniques which
must be accounted for. The records from which the data is reduced include
the effects of sensor dynamics as well as the airplane's dynamics. Thus,
the dynamics of rate gyros, attitude gyro., f{ilter networks, etc.must be
identified and subtracted from the raw dati. Even if the saensor dynamics
have natural frequencies as high as 50 rad/sec, they can have a significant

{fect on ¥ @/Fg in the frequency range of interest.

One last point should be mentioned. Since rate gyros are generally
more available than attitude gyros, it is quite acceptable to measure pitch

rate instead of pitch attitude,

istics can then be obtained from the

The 9/Fs f{requency response character-
#/F, characteristics as follows:

su | |t Ié;sl_‘:*l.

R (499 @ Fy(jw)
.91:'_”1) - A (..Q.‘.L“L).) <90 degrees
¥ (rpw) F, Cia)
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(2)

(3)

(4)

(5)

(6)

M

(8)

SECTION IX
CONCLUSIONS

For the "combat" phase of a fighter's mission, those tasks which
require precision control of pitch attitude will usually be the most
critical, from the standpoint of longitudinal flying qualities.

When allowed to select the elevator-to-stick-force gearing, neither
pilot in the present experiment was willing to compromise the
ability to pull high load factors with reasonable stick forces. Thus,
it would appear that Fg/» is more of a performance parameter
than a flying qualities parameter, in the sense that it forms a pre-
requisite to good flying qualities,

The results of this experiment concerning short-period dynamics
are consistent with the requiremonts of MIL-F-8785B (paragraph
3.2.2,1), with the exception of the low %, , high &4 region.
In this region, the data indicates that the MIL-F-8785B require-
ments may be tao lenient.

The results of this experiment show that the dynamic modes of the
flight control system can cause serious flying-qualities problems,
but the data does not correlate with the control system require-
mente of MIL-F-8785B (paragraph 3.5.3). In addition, the C*
criterion does not adequately account for control-system dynamics.

The results also show that low ¥%,, can cause PIO tendencies,
which are stronger at moderate values of @), than when w,, is
high, The strongest PIO tendencies, howsver, are obtained when
control-system lags are added to configurations having low ¥,

or low a5, .

The pilot-in-the-loop analysis techniques presented in this report
can be used to effectively describe the pilot's difficulties in pre-
cision tracking and to provide insight into the manner in which the
pilot flies the airplane. These techniques are shown to be applicable
to a wide vange of control-systam and short-period dynamics.

A criterion, based on the pilot«in-the<loop analysis, can be used
for the design of good fighter maneuvering characteristica, This
criterion appears applicable to airplanes heving high-augmented

flight control syatems, as well as unsugmented airplanes,

A simplified version of the criterion, based on open-loop param-
eters, can be used to provide the flight control system designer
with a "quicky” method for estimating the effects of his control.
system design on the airplane's {lying qualities.
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(9

(10)

(1

(12)

The performance standards used by the pilot in performing the
required tasks can have a strong influence on the evaluation results.
Clear definition of the tasks to be performed is necessary before
meaningful flying qualities data can be obtained.

More data on the e¢ffects of high &, is needed, to better under-
stand what the pilot describes as high frequency "bobbling" ten-
dencies. In particular, the influence of control sensitivity and
low 3, on configurations having high @), is poorly ander-__
stood.

A better understanding is needed of the effects of pilot gain, per se,
on flying qualities.

The techniques and criteria developed in this report should be
applied to the rather considerable amount of existing data from
other sources, concerning the influence of short-period dynamics
on fighter flying qualities.
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. TABLE I
SUMMARY OF EXPERIMENTAL RESULTS (PILOT M)

NUMBERS [N BLOCKS REFER TO THE FOLLOWING: | conFIGURATION NO.

FLIGHT uo.lnlnoalin‘-
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 TABLE [ (cont.)

SUMMARY OF EXPERIMENTAL RESULTS (PILOT W)
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TABLE III
SUMMARY OF AVERAGE’CONTROL SENSITIVITIES AND PILOT GAINS

CONFLQURATION NO.
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TABLE IV
SUMMARY OF PARAMETERS FOR SIMPLIFIED CRITERION
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